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Abstract
The development of a new generation of sensors for autonomous vehicles requires
the increase of the number of automotive radars on the roads, leading to an inevitable
problem of overcrowding of the electromagnetic spectrum in the allocated 77 GHz
band. The solution proposed in this research is the migration of the automotive radar
operation frequency towards the low-THz band.
This thesis reports, firstly, an experimental study on the feasibility of deploying au-
tomotive radars working at frequencies above 100 GHz. The study analyses the possible
additional attenuation of the electromagnetic waves in adverse weather conditions and
the differences in targets reflectivities, in comparison to the performances of current
automotive radars. A comprehensive library of reflectivity signatures of a number of
road actors is established, to provide a basis for the development of low-THz automotive
radars.
Secondarily, the thesis discusses and demonstrates the advantages of the employment
of low-THz signals to improve the imaging capability of automotive radars, to allow
identification and classification of road targets based on high resolution images and
micro-Doppler signatures.
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The European commission recently pushed for the entry into the market of self-driving
cars to reduce the number of death every year in road accidents [1]. According to statis-
tics the 95% of accidents are caused by human errors. With cars and lorries equipped
with the technology for autonomous driving, the number of accidents could significantly
decrease improving road safety. Furthermore, digital technologies can reduce traffic
jams, and consequently pollution, improve access to mobility and guarantee new jobs
for the automotive and electronic sectors.
To address the increasing request to develop the sensors necessary for systems with
high level of automation, the automotive industry has found its interest in deploying
radars, in conjunction with LIDARs and cameras, to increase reliability and correct
situation awareness. With respect to electro-optical sensors, radars offer the advantage
of robust operation in adverse weather conditions and harsh environments. This is, due
to the ability of electromagnetic (EM) waves at frequencies below the infra-red band to
propagate through optically non-transparent media such as fog, smoke and spray, with
much lower loss. Moreover, radars offer the possibility of direct measurements of range
and speed.
1.1. Motivations | 2
The main function of a radar is to provide detection, parameter estimation and
recognition of multiple targets by exploiting information on the range, angle and motion
relative to the radar. Current automotive radars, operating at the bands of 24 and 79
GHz, provide parking and adaptive cruise control assistance to the driver and also
collision avoidance and pre-crash warning as measures to prevent or reduce accidents.
Figure 1.1 illustrates the different applications provided by current automotive radars.
Fig. 1.1 Current automotive sensors application [2]
A roadmap of some of the driver-assistance functions and radar features that are
expected to appear in the coming years is shown in Figure 1.2. The goal is to reach
level 5 autonomy, removing the driver completely from the loop and enabling the car to
handle all driving situations.
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Fig. 1.2 Roadmap for driver assistance functions [3]
It is possible to identify a list of key aspects, where today’s radar sensors need to be
improved to address future requirements [4]:
• Higher range resolution and angular resolution in both azimuth and elevation, to
be able to provide much more detailed information about detected objects. This
is especially important to determine object properties like height, size, or type.
• Improved velocity estimation and resolution, as well as micro-movement assess-
ment, to reliably detect vulnerable road users like pedestrians or cyclists.
• A flexible field of view (FoV) to allow a broad FoV for pedestrian detection, as
well as a narrow FoV for highway driving.
• Reliable detection of all relevant objects, and assertion of failure, due to compo-
nent defects or environmental influence like heavy rainfall.
• Adhere to cost and size restrictions while still addressing the required performance
improvements.
It would be unrealistic to think to fulfil all the requirements for designing radars
for autonomous driving systems by using a single sensor. The requirement to integrate
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high number of radars in the system means that the number of radars per car and the
number of cars equipped with radars will dramatically increase, tens of millions of
radar sensors will be fielded annually raising the question of mutual interference and
co-existence. The increase of available bandwidth is one of the methods that can be
used to mitigate some of these effects. As answer to the request to enlarge the allocated
bandwidth, a new generation of radars is making its way as a new research trend and is
the subject of the current research and development work taking place at the Microwave
Integrated System Laboratory (MISL), University of Birmingham [5]: Low-TeraHertz
(Low-THz) radar systems operating within the 0.3-1 THz frequency spectrum. This
band, currently unallocated, offer the possibility of using large absolute bandwidths,
with the same fractional bandwidth occupied by the commercial automotive radars, and
therefore potentially reduce the problem of mutual interferences between radars [6].
Before the advantages of low-THz radars can be exploited, we need to answer
the question of whether fundamental physical limitations affects the propagation and
reflections of such high frequency signals. The well-known graph of atmospheric
attenuation in clear air versus frequency in Figure 1.3, between 100 GHz and 1 THz,
shows regions of local minima attenuation between absorption peaks at frequencies
referred to as “atmospheric windows”. The operation of Low-THz sensors lies in these
windows. Specifically, this work focus on two frequency bands: 150 GHz and 300 GHz.
The clear-air attenuation is around 3 dB/km at 150 GHz and 10 dB/km at 300 GHz.
Taking into account that automotive radar operates for distances up to 200 m, the loss
over this range is tolerable in these two bands.
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Fig. 1.3 Atmospheric attenuation in clear air [7]
Other factors affecting the signal energy dissipation, introduced by the atmosphere,
are the particles present in rain, snow, fog, dust, sand etc, which increase the attenuation
as the wavelengths becomes comparable with the particles sizes, in the order of few
millimetres, and reduces it for higher frequencies, when the particles are larger than
the wavelength. The first objective of this work is the investigation of the addi-
tional attenuation, caused by adverse weather conditions, of signals at low-THz
frequencies and the comparison with the performances of sensors operating at the
current automotive frequencies (77 GHz).
Let us now to examine the additional advantages of moving to low-THz frequencies
for automotive radar operation. As a direct consequence of increasing the available
bandwidth, the range resolution increases. The increase in the carrier frequency is
also responsible for a potential increase of the angular resolution, as antennas’ sizes
are directly proportional to the wavelength: higher resolution can be achieved using
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the same antennas’ size of standard automotive radars and vice versa the antennas’
dimensions can be reduced without affecting the resolution. Next advantage is that
extremely small wavelengths show an increased sensitivity to surface texture.
Improved resolution in both range and azimuth and high sensitivity to rough surfaces
have the potential to provide high resolution images of the scene surrounding the
vehicle, resulting in the feasibility of using imaging radars for automotive applications.
The concept of imaging radar is rather new in the automotive industry, being usually
associated to remote sensing applications using synthetic aperture radar (SAR) and
inverse SAR (ISAR) techniques [8]. Automotive imaging radar currently relates to
two-dimensional (2D) maps of detected targets created with a real aperture. Unlike
target detection sensors, such as ACC, which can only give information on the presence
or absence of objects, an imaging radar provides the spatial distribution of reflectivity
corresponding to an extended object, which is more detailed and similar to an optical
image, as the resolution increases. An optical-like radar image allows the application
of computer vision techniques to identify and classify different targets, techniques that
were reserved for optical or light detection and ranging (LIDAR) images until now. The
image in Figure 1.4 shows a radar image of a person using a 300 GHz system made
at the Fraunhofer Institute, Germany [9]. Although the image is produced using the
ISAR technique and required few hours of integration, which is not a feasible technique
for automotive applications, where the detection and recognition of targets is required
in fractions of seconds, it shows the enormous potential of low-THz radar to produce
images with optical quality.
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Fig. 1.4 Radar image of a person at 300GHz using ISAR [10]
The development of low-THz imaging automotive radars requires the complete
knowledge of the road objects and actors reflectivities and their distribution in space
and time. There are a number of reasons to acquire these information, related to the
operations of target detection and recognition:
• The need to assess quantitatively the detection performance of radars operating at
high frequencies.
• The establishment of reference libraries of the overall reflectivity of all the road
objects and actors, using the concept of radar cross section (RCS), to define the
minimum signal to noise ratio (SNR) required to design effective sensors.
• The extrapolation of statistical models for target RCS fluctuations at different
aspect angles, to produce robust detection algorithms.
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• The analysis of the fluctuations at different ranges and angles of reflectivities
of extended objects, to be used in object recognition systems which use radar
images as an identifier unique to a particular object.
• The building of libraries of road targets images to be used in classification
algorithms based on machine learning.
• The analysis of the fluctuation of the target reflectivities over time as the targets
move relative to the radar, by exploring the Doppler effect and in particular the
micro-Doppler phenomenon: the frequency modulation on the returned signal
induced by the mechanical vibration or rotation of the target or any structure on
the target in addition to its bulk translation. The micro-Doppler signatures are
used as additional feature for identification and classification of road targets.
• The determination of the size of the targets and the position of scattering cen-
tres, useful to develop simulators for complex traffic scenarios for determining
responses of radar sensors.
The characterization of automotive targets reflectivity and micro-Doppler signa-
tures is the second objective of this work, the study is made at low-THz frequen-
cies, but simultaneously also at the current allocated automotive frequencies, 24 GHz
and 79 GHz, to compare their performances and have a reference with the results already
available in literature, so as to validate the methodology employed. To the best of the
author’s knowledge, there is no previous researche about road target reflectivities at low-
THz frequencies. Moreover, for some of the targets characterised, such as wheelchairs,
pushchairs and bikes, the literature lacks of information even at lower frequencies,
therefore in this case this study is also useful for the development of radars operating at
standard automotive frequencies.
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1.2 Contributions
To obtain the data to form radar images, the low-THz waves, transmitted from the
radar positioned on the vehicle, propagate through the surrounding environment and is
scattered from the targets and surfaces. Scattered waves propagating back to the radar
are used to generate images and signatures related to the objects motion. The research
work outlined in this thesis relates to these physical aspects of the radar and is based
on experimental characterization. The attenuation of low-THz waves through different
media and atmospheric precipitation is investigated to show the feasibility of Low-THz
sensing for outdoor applications in presence of adverse weather conditions. Then, the
reflectivity and motion properties of typical road targets is analysed to determine the
most appropriate parameters and waveforms, to be used in the development of low-THz
radars and for the generation of robust algorithms for target detection and classification.
The original contribution from the author regards the investigation of the reflectivi-
ties and temporal signatures of the road targets, while results on the attenuation study
have been obtained in collaboration with other team members as part of the laboratory
research.
The doctoral work consisted in the development of the methodologies employed
for the experimental characterization, involving the design of the experiments, the
collection and processing of reliable data obtained from a combination of measurements
in controlled environments created in the laboratory and outdoor trials in real road
scenarios; and in the elaboration of the tools necessary to the analysis and statistical
interpretation of the radar outputs.
1.3. Thesis outline | 10
1.3 Thesis outline
• Chapter 2 provides a background for the topics covered in the later sections,
such as an overview on current automotive radars and THz sensing, the physical
phenomena affecting the electromagnetic wave propagation and scattering, and
the concepts of radar cross section, radar imaging and micro-Doppler, which are
used to characterise typical road targets.
• Chapter 3 describes the methodology utilised in the experimentation and to anal-
yse the data collected to produce significant results, which can be used for the
design of Low-THz radars for future autonomous vehicles. The chapter outlines
the waveforms and signal processing needed for automotive radar operations and
the radar systems used in the experimentation. The definitions of the signatures
and statistics used to characterize road targets are presented. The experimental
sites and methodologies used for the measurements are described and character-
ized.
• Chapter 4 presents the experimental results obtained in the study of attenuation of
low-THz signals through the potential car infrastructure behind which the radar
is placed, due to radome contamination and in the atmosphere due to common
precipitations, rain and snow. To assess the feasibility of low-THz radars in
respect to current automotive radars, simultaneous measurements at 77 GHz have
also been performed and presented in this chapter.
• Chapter 5 presents a comprehensive study on the radar characteristics of pedestri-
ans in the low-THz band and for comparison at the standard automotive frequen-
cies. The results are presented in terms of high range resolution profiles, radar
cross sections statistics and micro-Doppler signatures.
• Chapter 6 illustrates the study of the reflectivity of a popular passenger car at 300
GHz and 24 and 79 GHz to validate the experimental setup, carried out in a typical
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road environment. The results are presented with high range resolution profiles,
radar cross sections statistics and images of the car. Analysis of the reflectivity





The purpose of this chapter is to provide a background for the topics covered in the
thesis. Firstly, a brief overview of the state of the art of automotive radars is given to put
the novel Low-THz radar in context. Secondarily, basics on the physical phenomena
affecting the electromagnetic wave propagation are provided. Next, an overview on
current uses of THz sensing is given and Low-THz radar for automotive applications
is introduced. Finally, three sections define the concepts of radar cross section, radar
imaging and micro-Doppler, which are used to characterise typical road actors.
2.2 Automotive radars: state of the art
The main objectives of a radar system are to detect the presence of one or more targets
of interest and estimate their range, angle, and motions relative to the radar. The concept
of Radio Detection and Ranging (radar) arises between the end of the 19th and the
beginning of the 20th from the experiments realized by Hertz on the reflections of
electromagnetic waves (EMW) and the invention of the Telemobiloscope by Hülsmeyer;
the first developments of radar dating back to the world war second were limited
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to military applications. Radar is now used in many applications, including civilian
aviation, navigation, mapping, meteorology, radio astronomy, medicine and many
others.
To go into details of automotive radars, their development started in the ’70s, but
it was not before the ’90, with the progress in semiconductor microwave sources,
microcontrollers and digital signal processing algorithms and units, that automotive
radars started to be commercialized; since then they had a rapid growth up to acquire a
key role in the technology of driving assistant systems before and self-driving cars in the
nearest future. Also other sensing technologies, such as LIDAR, video camera-based
sensors, are currently used to provide path planning for autonomous driving. But only
radar offer the advantage of robust operation in adverse weather conditions and harsh
environments, in addition to the inherent ability to measure targets range and velocity
directly. This is due to the ability of electromagnetic (EM) waves at frequencies below
the IR band to propagate through optically non-transparent media such as fog, smoke
and spray, with much lower loss.
Current majority of automotive radars are based on the principle of frequency-
modulated continuous-wave (FMCW) radar [11]. Increase of hardware capabilities
permits the use of higher carrier frequencies and bandwidth and the fast development of
MIMO systems offer additional degrees of freedom to traditional FMCW radar system
design and signal processing. Two carrier frequency are predominantly used: 24 and 77
GHz, with the latter, also refereed as millimetre-waves, that have almost completely
replaced the first. In the mm-waves two bands have emerged: 76–77 GHz, which is
used for long range sensors (up to 250 m), and 77–81 GHz, introduced to replace the
ultrawide-band at 24 GHz. It is employed in medium range sensors (up to 100 m)
providing a larger bandwidth of 4 GHz instead of 1 GHz, increasing, therefore, the
range resolution, however with the drawback of lower transmitted power. Table 2.1
summarises the key parameters for current automotive radars, by classifying them in
three categories:
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• Long Range Radar (LRR) for applications, like ACC, which are relatively narrow
beam forward-looking systems to control driving path in front of the car to
determine distance of vehicle driving ahead.
• Medium Range Radar (MRR) for applications with a medium distance and speed
profile, like Cross Traffic Alert (CTA).
• Short Range Radar (SRR) for applications sensing in direct proximity of the
vehicle, like blind spot detection, parking aid, stop and go functionality.
Table 2.1 Classification of current automotive sensors characteristics [12]
Type LRR MRR SRR
Maximum trnasmitted power (EIRP) 55 dBm -9 dBm/MHz -9 dBm/MHz
Frequency band 76-77 GHz 77-81 GHz 77-81 GHz
Bandwidth 600 MHz 600 MHz 2 GHz
Distance range 10-250 m 1-100 m 0.15-30 m
Range resolution 0.25 m 0.25 m 0.075 m
Velocity accuracy 0.6 m/s 0.6 m/s 0.6 m/s
Angular accuracy 0.1◦ 0.5◦ 1◦
Antennas azimuth 3dB beamwidth ±15◦ ±40◦ ±80◦
Antennas elevation 3dB beamwidth ±5◦ ±5◦ ±10◦
The great challenge of FMCW radar systems is mutual interference which will
become a severe problem with the increasing number of radar-sensor equipped vehicles
in dense traffic situations in the near future and a solution to the expected increase in
interference is still an open question [13]. One of the proposed solution is the use of
alternative radar waveforms such as pseudo-random or orthogonal-frequency division
multiplexing (OFDM) [14]. The solution proposed in this work is the migration to
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higher frequencies (low-THz band), which are currently unallocated, to take advantage
of the possibility to use larger bandwidths.
2.3 Electromagnetic wave propagation mechanisms
Radar waves are electromagnetic waves (EMW) that convey energy from one point
in space to another. These waves properties can directly be inferred by the Maxwell
equations [15]: (i) EMW travel in vacuum at a maximum speed equal to the speed of
light, (ii) EMW propagates transversely to electric and magnetic fields, (iii) Electric and
magnetic fields vectors are always perpendicular to each other. An EMW travelling in
free space is an oscillatory propagation phenomenon which characteristic parameters are:
wavelength, propagation velocity and energy. Propagation is affected by media leading
to phenomena such as attenuation, refraction, diffraction, reflection, scattering and
interference. Attenuation is the reduction of energy of the wave due to the absorption
from particles, gases or ionized atoms present in the atmosphere and depends on the
frequency of the EMW. Refraction, diffraction, reflection and scattering are physical
phenomena which occur when the EMW impacts an obstacle and in general depend
on the shape, size and material of the object if compared with the EMW wavelength.
These varied phenomena’s lead to large scale and small scale propagation losses and
constitute the basic principles of operation of radars.
2.3.1 Atmospheric attenuation
Some gases in the atmosphere, like water vapour, oxygen and CO2, cause attenuation
as their molecules, not electrically balanced, resonate at certain frequencies dissipating
energy; therefore, atmospheric attenuation depends on the concentration of such gases
and is highly dependant on frequency. The International Telecommunication Union
(ITU) in [16] recommended a model to estimate the specific attenuation at frequencies
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up to 1 THz, due to dry air and water vapour at any value of pressure, temperature
and humidity. Attenuation constants as a function of frequency are defined usually in
units of dB/km. Figure 2.1 shows the specific attenuation for a pressure of 1013.25hPa,
temperature of 15◦C for the cases of a water-vapour density of 7.5g/m3 (Standard) and
a dry atmosphere (Dry). For propagation paths that are mostly horizontal, such as the
operation of automotive radars, the attenuation constants are fairly constant, and the
total attenuation is simply found by multiplying the attenuation constant by the path
distance.
Fig. 2.1 Atmospheric attenuation as a function of frequency [16]
Additional attenuation of signals propagating in the atmosphere are caused by the
precipitations, the most common being rain, fog or snow. When a plane wave intercept
a raindrop or a snowflakes, some of its energy wave is absorbed by the water (since it is
a highly lossy dielectric), while some of it is scattered. These two phenomena leads to
an overall effect called “extinction”. Empirical formulas are useful for predicting the
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attenuation constant, which is multiplied to the atmospheric attenuation and the path
distance to estimate the total attenuation during the propagation path. The ITU [17]
uses a power-law relationship which takes into account the falling rate Rr measured in
mm/h and depends on two empirical constants, k and α , dependant on frequency and
incident wave polarization.
2.3.2 Interference
The result of overlapping two or more waves is called interference. Two waves are said
to be in-phase when their maximum, minimum and null amplitudes are reached at the
same time, otherwise they are out of phase. When in-phase, two waves constructively
interfere producing a wave of the same frequency but having an amplitude given by the
sum of the amplitudes of the single waves. If out of phase the two waves interfere and
if their phase difference is λ/2 they cancel each other [18].
Diffraction is a phenomenon of interference that allows the EMW to propagate over
an aperture or the edge of an obstacle of size comparable with its wavelength, permitting
the penetration of the EMW in shadow regions for the radar signal. Refraction occurs
when a wave travels from one medium to another, with different density, so that its
velocity and its direction of propagation are subject to variations. Since density and
temperature of normal atmosphere vary with altitude, the EMW bend down, permitting
the detection of objects placed over the geometric horizon [19].
2.3.3 Reflection
Reflection occurs when the EMW impacts an obstacle which dimension is much greater
than the wavelength and there is a variation of the relative permittivity (εr) between the
propagation media and the object. The reflection of a EMW from an obstacle can be
studied using the Huygens principle, from which is obtained the important property
that the reflection angle is the same of the incident one. The amplitude of the reflected
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wave depends upon the nature of the obstacle and the incident wave. When the obstacle
absorbs all or part of the energy, as in the case of a dielectric materials, the reflected
wave amplitude is small or zero. Otherwise, if the object matter is a perfect conductor
the reflected wave amplitude is the same of that of the incident wave. The ratio between
the amplitude of incident and reflected waves is defined as the reflection coefficient (Γ),
it depends on the incident angle, the physical characteristics of the point of reflection,
the polarization and the frequency [15].
2.3.4 Scattering
Scattering occurs when the medium through the wave is travelling contains objects
which are smaller than the wavelength of the EMW. The definition of reflection assumes
that the wave incises on a flat, smooth surface. Figure 2.2 shows as the reflected and
incident waves of constant phase fronts in this case are in phase with each other and
have the same path length (l). However, if the surface is rough the reflected waves from
different points of the surface have different path lengths, producing a phase difference:
∆φ = 2khrmscos(θi) (2.1)
where, k = 2π
λ
is the wavenumber (λ is the wavelength), θi is the incident angle of the
i-th wave of the wavefront and hrms is called surface root mean square height and it is
the deviation in the direction of the normal vector of a rough surface from a smooth
surface.
Fig. 2.2 Difference between smooth and rough surface scattering
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The phase difference will cause the diffraction or the cancellation of part of the
reflected waves due to the interference between them. The Rayleigh criterion determine
a boundary between the possible definition of smooth and rough surfaces for an EMW,





For extremely small wavelength most of surfaces are accounted as very rough (hrms>>
λ
8 cosθi), in this case the incident waves are scattered in all directions causing the so-
called diffuse scattering. As it will shown in the results reported in this thesis, low-THz
sensors take advantage of the diffuse scattering to obtain large amount of information
from targets and surfaces [21].
2.3.5 High frequency scattering by complex objects
High frequency scattering occurs when the wavelength of the transmitted signal is
much smaller than the target sizes and also than the scattering centers constituting the
target. In this case there are a number of scattering mechanism that determine the total
scattering from the target [22]:
• Specular scattering from planar and curved surfaces when the normal to the
surface points back toward the radar, in this case the scattering mechanism is a
bright flash return
• Multiple bounce corner reflectors
• Diffraction from edges and tips
• Surface wave scattering due to travelling wave reflection from planar or curved
surfaces or wires
• Creeping wave scattering from uninterrupted paths around curved surfaces
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• Scattering from rough surfaces
• Scattering from surfaces discontinuities such as gaps, cracks or joints
2.3.6 Mie Scattering
The first quantitative study on the scattering of waves caused by small particles was
conducted by Rayleigh in 1871. The scattered radiation from a particle much smaller
than λ is in-phase with the incident wave and forward scattering and backward scattering
have the same intensity. Mie theory (1908) describes the scattering mechanism in
relation to a single spherical particle with finite dimensions, which size is of the same
order of magnitude or greater than the wavelength of the incident radiation. As shown
in figure 2.3, the angular distribution of diffuse radiation exhibits a high concentration
around the direction of the incident wave propagation, with a lower intensity in the
opposite direction. The directivity of the scattered wave in the same direction of the
incident wave increases as the particle size increases [23]. Mie theory is fundamental to
model the propagation mechanisms through particles present in the atmosphere and the
reflection from spherical targets.
Fig. 2.3 Difference between Rayleigh and Mie scattering [24]
2.4 TeraHertz sensing
In the electromagnetic spectrum, Terahertz (THz) radiation is located between the
microwave and infra-red regions and represent an effective bridge between electronic
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and photonic technologies. THz radiation interacts little with matter and its absorption
is low, therefore like radio is transparent to non-conductive materials, however it cannot
penetrate metals and is strongly attenuated by water. Moreover, this radiation can
propagate through optically non-transparent media such as fog, smoke and spray, with
low losses and effects of diffraction are not significant as the wavelength is much smaller
than ordinary sized objects. Further, THz photon energies have much less amplitude of
x-rays and are thus non-ionising and therefore less dangerous for humans. THz sources
can be used to illuminate non-metallic objects and in some cases see through them: it
is possible to obtain images, where materials appear to be darker as their are opaque
for THz waves. Therefore they find application in a variety of fields, like biomedicine
[25], environmental studies [26], material science [27], art conservation [28] and
radar imaging. Moreover, the enormous amount of bandwidth available makes THz
frequencies object of research for the communication community [29–32] as it allows
for high capacity for data transmission.
2.4.1 Low-THz radar
In this thesis we refer as Low-TeraHertz (Low-THz) the lower part of the THz region,
with wavelengths in the range 0.5-2 mm, with corresponding frequencies of 150 GHz
to 670 GHz. In this sub-region of the THz band not only attenuation is lower as it
doesn’t exceed 1 dB/100m, but radar technology is already in development [7]. With
the rapid development of Monolithic Millimetre-Wave Integrated Circuits (MMICs),
performance of semiconductor electron devices, especially transistors and diodes, op-
erating at these frequencies has been constantly improved [33, 34] . This technology
permits the realisation of several components, including mixers, amplifiers, oscillators,
modulators/demodulators and phase locked loops essential for radar systems archi-
tectures. Meanwhile, efforts have being put with the objective of developing designs
based on compact transceivers [35, 36]. Currently low-THz radars are employed in
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the security field for the detection of concealed weapons and perimeter surveillance
[37], military fighter jets [38], overhead power cable detection [39] and, as mentioned
early, the automotive industry is moving from the traditional standardised frequencies
to higher bands for autonomous vehicles technologies.
2.4.2 Low-THz radar technology for autonomous vehicles
Development of future autonomous vehicles requires the complete knowledge of the
obstacle around the vehicle in order to define free areas to which the vehicle movement
would be safe. Although other sensing technologies, such as LIDAR, stereo, video and
infrared cameras, are currently used to provide path planning for autonomous driving,
only radar offer the advantage of robust operation in adverse weather conditions and
harsh environments. In this sense, the goal for automotive radar systems is to obtain
radar images with resolutions as close as possible to those of cameras and lidar that
can be used for surface identification, passable region identification and development
of algorithms for obstacles identification and classification. Low-terahertz (THz) radar
systems fit these requirements, λ is much smaller using these carrier frequencies
if compared with sensor operating at standard automotive frequencies, offering the
following advantages:
• very fine range resolution is achievable due to the large bandwidth available
• according to equation2.2, the smaller λ leads to an increase of roughness of the
surfaces encountered by the transmitted wave and thus, a high amount of diffuse
scattering is received from the full extent of an object
• more compact components and first of all antennas sizes
• for a given antenna aperture size, a higher operating frequency results in a beam
with a smaller angular size
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• reduced susceptibility to interference due to large bandwidths available. In fact,
if the allocated bandwidth is much larger than the radar operating bandwidth, the
probability that the spectra of two or more individual radars overlap is reduced.
Fine range and angular resolution and diffuse scattering at low-THz frequencies entails
an increasing of the sensor to produce high-quality images from real physical apertures,
as shown in the example in Figure 2.4.
Fig. 2.4 150 GHz Radar Image of an off-road scene [40]
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The figure shows a radar image obtained at 150 GHz of an off road scenario. Beside
the car and pedestrian present in the scene that can be easily identified, the radar image
is rich of information and it is potentially feasible to label all the objects in the field
of view. It includes several features, like the images of the tree formations on the side
of the road or the low reflectivity vertical stripe on the right caused by the water filled
street gutter. The texture of the country road constituted by a very rough surface is
identified by its high reflectivity.
2.5 Radar Cross Section
During the development process, the designer of an automotive sensor system needs
to assess quantitatively the detection performance of objects and also to quantify the
maximum detection range. This requires the knowledge of objects reflectivities at
low-THz frequencies and in this thesis we will use the concept of Radar Cross Section
(RCS) as a measure of such reflectivities. RCS is a measure of the power scattered in a
given direction when a target is illuminated by an incident wave and does not depend
on the distance between the target and illumination source. The ’IEEE Standard Radar







Where Ps is the power per unit solid angle scattered in a specified direction and Pi the
power per unit area in a plane wave incident on the scatterer from a specified direction.
There is a number of different factors that determine the RCS of an object, such as
the material, the size compared with the wavelength, the transmitted electromagnetic
wave, the angle at which the transmitted wave hits the target and the polarization of
transmitted and the received radiation in respect to the orientation of the target.
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The limit for the range r in 2.3 defines mathematically the condition of plane wave
and therefore is related to the concept of far field, the RCS test community has adopted
the rule that, in order to ensure an accuracy of 1 dB or better in the measurements, the





The use of Low-THz frequencies rarely permits to fulfilment of the far field criterion
as most of targets are large if compared with λ , and in a strict sense we should use the
term reflectivity in this case. However, we will retain the RCS term meaning the object
characterization and methodology of the measurements, even because we will always
consider the average RCS which varies little with the distance chosen for testing, as
suggested by Knott [42] in this case the collection of near-field data is often defensible.
Moreover the far field criterion should be used considering the longest flat feature on the
target, not the maximum target dimension. Indeed, the fine resolution and the roughness
at low-THz frequencies leads to the consideration that the majority of objects should
be assumed to be a collection of point scatterers without any dominant long straight
scattering feature and therefore the optimum distance should depend on the distribution
of scattering centres over the target. This issue has been addressed for example by
Pouliguen [43].
2.5.1 RCS of a perfectly conductive sphere
As it will be argued in Chapter 3, calibration is a an essential procedure allowing for
a precise estimation of targets’ RCS and a sphere made of perfect electric conductor
(PEC) is the most common target used for calibration of RCS test ranges. The exact
solution for the RCS of a PEC sphere of radius a is well known in literature [44] and
has been developed starting for the Mie theory. The scattering cross section from a
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hn(x) = jn(x)+ jyn(x) (2.8)
jn and hn are the n-th order spherical Bessel and Hankel function, respectively.
By computing 2.5 at different frequencies, the trend in Figure 2.5 is obtained.
Fig. 2.5 Theoretical RCS of a sphere [45]
Three regions can be identified in the plot: for λ >> a the scattering is of Rayleigh
type, for λ ∼ a the scattering has an oscillatory behaviour, being characterized by
interference between specular backscatter and creeping waves (the wave diffracted
around the shadowed surface of the sphere). Finally, in the optical region (λ << a) the
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RCS is frequency independent and only defined by the sphere’s projected area:
σ = πa2 (2.9)
2.6 Radar imagery
Radar imagery generally refers to the resolution of target’s scattering centres in both
the range and azimuth (or cross-range) dimensions. An imaging radar is a system that
elaborate the backscattered signal from a scene in order to build a reflectivity map. We
can distinguish three classes of imaging radars.
2.6.1 Radar systems with rotating antennas
These are classic surveillance pulsed radars using rotating antennas with limited scan-
ning angles and small azimuth aperture. The use of pulse compression techniques
permits to obtain small resolution cells size and therefore produce images with rela-
tively high resolution. These radars are used for example in airports for ground traffic
control [46].
2.6.2 Synthetic aperture radar
The synthetic aperture radar (SAR) technique is primarily used for long range applica-
tion to mapping of large areas on the ground, but its application is nowadays also studied
for short range sensors for automotive applications [47, 48]. The radar is mounted on
a moving platform that uses its motion to increase the length of the antenna and thus
define a synthetic antenna. The backscatter signals received at each position of the
antenna are coherently processed and the azimuthal resolution results to be half of the
length of the actual antenna and independent from the distance of between the sensor
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and the ground. By reducing the antenna’s aperture the beamwidth broaden, but at the
same time the resolution increase.
An improvement of the SAR technique which uses the phase difference between
two images collected at different viewing angles (the interferometric phase) is used to
generate elevation map of the terrain and improve the range resolution [49]. In principle,
by coherently comparing the backscattered signals from a target, collected by the same
antenna in two different position or by two antennas it is possible to calculate the height
of the target. Interferometric SAR (InSAR) finds mainly application in geodesy and
remote sensing but has also been proposed for automotive applications [50] and is the
subject of our recent study [51].
2.6.3 Real aperture radar
In this kind of radar a narrow beam illuminates the scene and the received backscattered
signal used to build a 1-D map of the scene. Then, by scanning the antenna, mechani-
cally, electronically, or using an array of narrow beam antennas, a 2-D intensity map
is obtained. As it will be shown later, the azimuth resolution directly depends upon
the beamwidth and reduces as the range increase. The range resolution depends on
the bandwidth of the transmitted signal, in particular it will be shown as a frequency
modulated continuous wave (FMCW) with large bandwidth will dramatically increase
the resolution if compared to a pulsed waveform.
2.7 Features for classification - The micro-Doppler
effect in radar
Early it was mentioned as one of the goal for a low-THz automotive radar is ultimately
to produce images with resolution as high as possible that can be used for identification
and classification of road objects and actors. Alongside with this approach, another
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feature obtained through radar data can be used for identification and classification: the
micro-Doppler (µD) signatures.
Radar systems using continuous wave (CW) waveform are designed to acquire
information on the movement of targets exploiting the Doppler effect: the frequency
shift caused by the change in the frequency observed by the radar receiver as compared
to the transmission frequency, when an object is moving relative to the radar. Micro-
Doppler is a variant of the Doppler effect that uses the micro-motions of the target
superimposed on the main motion [52]. Common targets, in fact, are made of several
components, each having a separate motion which will induce a frequency modulation
on the reflected signal that generates sidebands besides the Doppler due to bulk motion
of the target. Radar signals reflected from targets with oscillating vibrating or rotating
parts, such as drones’ propellers, birds’ wings, or limbs in case of humans, contain
µD features related to these structures. These features, usually expressed in terms of
µD signatures, are distinctive for each class of target and potentially offers a different
approach for the detection and recognition by radar systems, they can be integrated to
information obtained with existing methods enhancing the capability of such systems.
In the automotive context, the µD effect can potentially be employed to recognise
specific types of vehicles as well as their engine type or speed and more importantly, for
pedestrian recognition, the human signature can be deployed to classify people against
other targets, the direction of their motion.
In our study the aim is to provide better identification and motion parameters
estimation of the pedestrian by obtaining a clearer pattern in the µD signatures, taking




The work carried out to characterize the performances of Low-THz radars for automotive
application has been mainly based on experimentation. This chapter aims to describe
the methodology utilised in the experimentation and to analyse the data collected to
produce significant results, which can be used to advise the design of Low-THz radars
for future autonomous vehicles. In some occasions, the measurement methodologies
have been specifically developed for this research.
In the following sections, firstly, the waveforms and signal processing needed for
automotive radar operations and used in the experimentation are described in detail.
Sections 3 and 4 are dedicated to the methodologies to characterize the attenuation of
low-THz waves in different atmospheric conditions and to achieve signatures of typical
road targets. Successively, the radar system hardware used in this work to collect data
are described. Finally, the experimental sites in which measurements have been carried
out will be described and characterized.
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3.2 Automotive radars waveforms and signal
processing
Fundamental radar operation involves the estimation of range and radial velocities of
targets. The range (r) is estimated by measuring the roundtrip time delay (τ) of the
propagation of the electromagnetic wave (EMW) to and from the target. The target
radial velocity (vr) is estimated based on the the Doppler frequency shift induced
on the EMW from the motion of the target relative to the radar. The form of the
EMW transmitted by the radar (waveform) is important to determine the accuracy with
which targets’ range and radial velocities are estimated. Automotive radar waveforms
determine several fundamental performance metrics, such as range resolution, velocity
resolution, angular direction, SNR, through the gain introduced by the time-bandwidth
product [53], and the probability of target detection. The waveforms can be classified
as pulsed, continuous wave (CW), frequency or phase modulated.
Pulse radars generate short rectangular shape pulses modulating a sine wave carrier.
These radars require high peak power to concentrate all the energy in a short period
of time. As opposite, a continuous wave (CW) radar constantly transmits and receive
simultaneously low peak power EMW, permitting to overcome to the limitations of
pulsed systems regarding the high peak power transmitted. However the maximum
detectable range is shorter than for a pulsed radar and this kind of waveform only gives
information on the velocity of the target without any resolution in range. A common
way to overcome these limitations are pulse compression techniques in which the power
is spread across different frequencies. Two main technique have been used in this work
and will be presented in details in the next sections: the stepped frequency waveforms
(SFW), where pulses at increasing frequencies are transmitted, and frequency modulated
continuous wave (FMCW) waveforms, where a CW signal is frequency modulated
[54]. Due to the ability to measure both range and speed with high resolution, FMCW
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and SFW radar are widely used in the automotive industry [55]. Moreover, hybrid
waveform types with combination of SFW and FMCW can be employed to achieve
additive performance [54]. Finally, it is worth to mention the application of orthogonal
frequency division multiplexing (OFDM) to radar systems [56], this technique can offers
the features of the joint implementation of automotive radar and vehicle-to-vehicle
communications [57].
3.2.1 CW waveform
CW radars are used for velocity estimation using the concept of Doppler frequency shift.
The frequency of the transmitted signal is constant and the received signal frequency is
continuously compared with it as shown in Figure 3.1.
Fig. 3.1 CW Radar: transmitted and received waveforms
The Doppler frequency shift fd is obtained by the difference between the transmitted
and received frequencies and the object radial velocity vr (the projection of the velocity





As shown in the block diagram in Figure 3.2, the signal received from the target is
mixed to the transmitted signal.
3.2. Automotive radars waveforms and signal processing | 33
Fig. 3.2 Simple block diagram of a CW Radar
The mixed signal is subsequently sampled and digitally processed through Fast
Fourier Transform (FFT) codes [58]. From equation 3.1 follows that the minimum
velocity - velocity resolution - that can be measured by a CW radar is function of the
wavelength and the minimum detectable Doppler frequency. The latter depends on how
the signal received and combined with the transmitted signal is sampled: as the Nyquist
sampling theorem suggests, the sampling frequency has to be at least twice that the
highest Doppler frequency aimed to measure.
In this work, CW waveforms have been generated, transmitted and received by
Vector Network Analyzers (VNA). The VNA is widely used for RF applications and
microwave measurements. Among the numerous features provided, the VNA permits
to measure the time variation of scattering parameter S21, determined by the magnitude
and phase of the ratio between the transmitted and incident voltage signals at two ports
of the VNA. The output data are sampled S21 parameters, the maximum achievable
sampling frequency is determined by the number of data points and the length of
the time sweep (τ) which is function of the bandwidth of the filter at intermediate
frequencies (IF BW). The IF BW is a crucial setting on modern VNAs: decreasing IF
BW will reduce noise floor by filtering out noise that is outside the bandwidth of the
digital filter, on the other hand it will increase the time sweep for a given number of data
points and therefore, reduce the sampling frequency. For instance the maximum radial
velocity (vr) for the segments of the walking human gait, produced by the arms swing,
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is ±3m/s and, according to the Nyquist criterion, its measurement would require a
sampling frequency fs which is twice the produced Doppler frequency shift (according
to equation 3.1):




The sampling frequency required is 3 KHz at 79 GHz and 12 KHz at 300 GHz. In the
experimentation an effort had to be made to find the maximum distance at which the
noise floor was low enough to permit the measurement of µD produced by a human
arms swing.
The traditional method to process CW signals is to apply a Fourier transform to the
signal. However, the time variation of the spectrum of signals received from moving
targets cannot be interpreted by using classic Fourier transform methods. The most used
approach is the Short Time Fourier transform (STFT) [52]. This method (illustrated in
Figure 3.3) is straightforward and consists on dividing the signal into time intervals
where the target is assumed to be stationary, by multiplication with a window function,
and applying the Fourier transform to each of windowed segments separately.
Fig. 3.3 Process of the STFT algorithm [59]
3.2. Automotive radars waveforms and signal processing | 35
Formally the STFT can be expressed with the equation:






where w(t) is a window function, of length Tw.
The length of the window impacts on the time and frequency resolution, longer
windows will increase the frequency resolution, but degrade the time resolution. The
window length should be small enough so that the windowed signal is essentially
stationary over the window interval and large enough so that the Fourier transform of
the windowed signal provides a reasonable frequency resolution. The type of window
also affects the time-frequency resolution of the STFT. As shown in Figure 3.4 the
rectangular window will produces higher frequency resolution ∆ω compared to other
windows: ∆ω = 4π/Tw, while for example for a Hamming window ∆ω = 8π/Tw and
for the Blackman ∆ω = 16π/Tw however, the latter present lower sidelobes, which will
degrade the signatures in the spectrogram [60].
Fig. 3.4 Time domain and frequency spectra for three commonly used time windows [60]
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Moreover, in order to avoid the discontinuity caused by the windowing, the window
functions are overlapped in time (as shown in Figure 3.3). The STFT is calculated
by increasing t with step sized ∆T chosen according to the wanted overlap between
the windows. High percentage of overlap between the windows will produce smooth
signatures along the time axes, but requires high computation time and memory.
3.2.2 FMCW waveform
FMCW waveforms consist of a CW signal modulated with a periodic signal. In the case
of linear modulation the waveform is called chirp, the CW signal can be modulated in
frequency by increasing the frequency linearly (up-chirp), decreasing the frequency
linearly (down-chirp) or with a triangular wave. In Figure 3.5 it is shown the transmitted
FMCW waveform in the case of up-chirp.
Fig. 3.5 Waveform of a linear FMCW radar
BW is the maximum frequency deviation (bandwidth), At the signal amplitude, fc
the carrier frequency, T the chirp duration. Mathematically a single transmitted chirp
can be express as:
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Where the notation ± is used to discriminate between up and down chirp. FMCW
signals can be processed through matched filter or homodyne detection. A matched
filter is a filter with transfer function equal to the conjugated time-reversed version of the
transmitted signal, and delayed to ensure causality. In this case the signal is compressed
in time and thus it needs to be sampled with fast digitizers. In the heterodyne detection,
the signal reflected from a target at range r from the radar is mixed to a replica of the
transmitted signal and then low-pass filtered [61]. This process generates a signal
which frequency (beat-frequency) is related to the time delay of the signal reflected





To derive the analytical expression on the beat-frequency [62], for simplicity, it will
only be considered the case of a transmitted up-chirp with duration T and bandwidth
BW . The signal received from the target sr is a delayed copy of the transmitted signal st
in equation 3.4:
sr(t) = Arcos(2π fc(t − τ)+π
BW
T
(t − τ)2) (3.6)
Where Ar is the amplitude of the received signal. In the mixing process the transmitted
and received signals are multiplied together and, using trigonometric identities, the
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The low pass filter removes the second term in equation 3.7, which frequency is about































If the target is moving with a radial velocity ±vr, the range of the target changes
over time and can be expressed as:
r(t) = r0 ± vrt (3.10)
Where r0 is the initial range to the target. From equation 3.5, the delay τ in this case is
τ = 2r0c ±
2vrt



























Thus, after taking the derivative and considering that the target velocity is much less










The first component in equation 3.12 depends on the range to the target, and the second
component on the Doppler shift. Finally, if N consecutive chirps are transmitted and
received an additional term appears in the calculation of fb because the target is moving
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Figure 3.6 shows the transmitted and received FMCW waveforms in the case of a single
moving target. The beat frequency fb and time delay τ are indicated.
Fig. 3.6 Transmitted and delayed/Doppler shifted received signals
The spectral analysis of the beat-frequency gives the information on range and
Doppler characteristics of a target. The processing is based on FFT: a first FFT is
applied to a single chirp to extract the range information and a second one to Nc
consecutive chirps to process the Doppler information. The accuracy, that it is possible
to achieve in the measurement of the range and velocity, depends on the precision
of the measure of the fb. The accuracy of the range measurement is consequence of
duration in time in which fb is constant: T2 − τ ≈
T
2 , the resolution of the measurement
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The number of points M ≥ fb2T of the first FFT, which is direct consequence of the





At the output of the second FFT there are N discrete samples, if the chirp duration T is
such to avoid range/Doppler ambiguity, the maximum unambiguous Doppler shift is
within ≥ 12T and thus the Doppler resolution
1
NcT





As for CW waveforms the sampling frequency determines the highest measurable
velocity, for FMCW, this is determined by the frequency of repetition of consecutive
chirps (chirp repetition frequency, CRF).
Finally, if the target is stationary during the duration of a certain number of chirps K,
it is possible to increase the signal to noise ratio (SNR) by integration of processed data
obtained from measurements with consecutive sweeps. The integration can be coherent,
in which case spectra of different measurements are summed using both magnitude and
phase and then the range profile obtained taking the absolute value of the summation,
or non-coherent, when only the magnitudes of spectra are summed together. Using 3.8









2BW d f |2 (3.17)
Where s(t) is the signal after mixing and w(t) a window function used to lower the
sidelobes as described in 3.2.1
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3.2.3 SFW waveform
A stepped frequency wave (SFW) consist in N successive narrowband pulses transmitted
at a fixed pulse repetition frequency (PRF), with fixed length Ts and which frequencies
are linearly increased from pulse to pulse with the same increment ∆F (Figure 3.7).
Fig. 3.7 Stepped frequency waveform
The SFW removes the requirements of pulsed waveforms for both wide instanta-
neous bandwidth and high sampling rates, by sampling near-steady state reflectivities as
the target is illuminated at discrete frequencies stepped pulse to pulse [8]. Although the
instantaneous bandwidth is narrow, being the inverse of the pulse width, the total band-
width BW is wide, being N times the frequency step size: BW = N∆F . As for FMCW
waveforms, the range resolution ∆r is inverse proportional to the total bandwidth, in








Therefore, the range resolution can be increased by either increasing N or increasing
∆F . The coherent processing interval, the time in which the targets returns are collected
and processed coherently, is CPI = NPRF .
As opposed to pulsed waveforms, the pulses within one CPI have different carrier
frequencies and the target return from a pulse at a specific frequency is the magnitude
of the target reflectivity at that frequency. Therefore, the collection of these samples is a
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frequency spectrum and the received signals can be processed by converting frequency
domain target reflectivity data to time domain signal using inverse fast Fourier transform
(IFFT) and obtain a high range resolution profile (HRRP) of the target. The frequency
induced by the phase shift from pulse to pulse ( fp) depends on two components: the rate
of change of the carrier frequency and the Doppler shift caused by the target relative










As for the CW waveforms, in this work SFW have been generated through vector
network analysers and the scattering parameters measured in the frequency domain.
The output data are S21 parameters with one sample for each frequency step which









W ( fn)S21( fn)e j2π fn
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c |2 (3.21)
Where, fs and fe are the start and the end frequencies of the SFW, W ( f ) is the Fourier
transform of a window function used to reduce the sidelobes and the summation refers
to the integration of K measurements. In fact, in order to reduce the noise floor,
either the IF BW should be reduced, as explained in section 3.2.1, or an integration of
multiple measurements should be performed as explained in section 3.2.2. However
both methods lead to a significant increase of the acquisition time. Therefore an effort
has to been made to choose the optimal IF bandwidth and integration number. For
3.2. Automotive radars waveforms and signal processing | 43
example a series of tests were made on a Fieldfox Keysight VNA to estimate the
acquisition time (sweep time + sweep recovery time + saving time) and noise floor
reduction with respect to the reference IF of 10 kHz bandwidth with 1 measurement
average. The results, shown in 3.1, suggest that in this case to have a good noise floor
reduction of around 20 dB, the best performances in terms of time duration would be
to use 3 KHz IF BW and 10 averages. It must be noted that some of the values in the
table are not what simple theory might predicts, because of our lack of knowledge of
the actual VNA processing.
Table 3.1 Effect of IF BW and averaging on acquisition time and noise floor level
respect to the reference IF of 10 kHz
IF BW Number of coherently Noise floor Acquisition time













Regarding the Doppler measurements of moving targets, the Doppler resolution is
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This shows that in order to improve both resolution, the number of pulses in the
waveform can be increased and/or the wavelength can be reduced.
As for FMCW waveforms the highest measurable velocity is determined by the
frequency of repetition of consecutive full waveforms (sweep repetition frequency, SRF)
and thus by the acquisition time of the S21 parameter from the single sweep (sweep
repetition interval, SRI). Coming back to the example discussed in the section 3.2.1 on
the radial velocity of arms swing, at 79 GHz the SRI should be 330 µs and 83 µs at
300 GHz, but this is far away the capability of modern VNA which acquisition time is
mainly dictated by the saving time, not less than 500 µs. Therefore, the method used
in this work to measure the µD produced by a walking human is based solely on CW
waveforms, and SFW are used for range measurements.
3.2.4 Physical beam mapping
As explained in section 2.6, 2-dimensional images of a scene can be obtained with
several methods. All of them aim to develop resolution profiles in both range and
cross-range. The method used in this work to obtain the reflectivity map of the scene
and the image of road targets is based on physical beamforming. The image is generated
by using narrow beam antennas which illuminate a small portion of the scene and scan
the scene electronically or mechanically, the radar utilises a FMCW or SFW waveform
to generate range profiles that are then placed one after the other in the order they
have been collected. The image scanning angle θ is n times the angle subtended by
the antennas aperture beam, θn, with n the number of positions of the antennas while
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scanning. The image can be described by the function:
I(r,θ) = R(r,θ1),R(r,θ2)...R(r,θn) (3.24)
The final image is comprised by a map that shows the backscatter power received by
resolution cells, whose dimensions are defined by the range and cross-range resolutions.
In the case of this work, the radar antenna rotates to scan the scene and the map assumes
the curved form in Figure 3.8, the lines of constant range and cross-range describe
respectively a set of radial lines and concentric circular arcs disposed about the radar
antenna.
Fig. 3.8 Curved image map from rotating scanning imaging antennas
The range resolution is defined by the waveform of the transmitted signal, while, as
shown in Figure 3.9, the resolution achievable in cross-range is directly proportional to
the 3dB beamwidth θ−3dB of the radar antennas and can be approximated as:
∆θ = rθ−3dB (3.25)
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Fig. 3.9 Angular resolution for a monostatic radar
From 3.25 it is clear as the cross-range resolution degrades with the increase of
the distance from the radar. This method, in fact, gives good results at short ranges, as
for automotive application, but cannot be used to produce images of objects located at
ranges further than a few tens of meters. Moreover, the overlap of the antenna beam
from measurements at two different angles improves the SNR because the contributions
are summed together, however the cross-range resolution is not improved. In order to
improve the cross-range resolution several methods are used for long range applications
and recently extended for automotive applications based on SAR [48] or Doppler beam
sharpening (DBS) [63].
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3.3 Characterisation of the atmospheric attenuation in
road scenarios
The radar equation [64] provides a measure of the signal to noise ratio (SNR) required
to detect a target at a certain range, relatively to the transmitted power, the target RCS
and the radar system parameters. In the radar equation in free space in equation 3.26,
which symbols meanings are summarized in Table 3.2, it is highlighted the term relative













Gt Transmitting antenna gain
Gr Receiving antenna gain




T0 Standard temperature (290K)
Bn Receiver bandwidth
Fn Receiver noise figure
Ls System losses
Latm Atmospheric losses
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Attenuation of radio waves in the earth atmosphere consists of attenuation in atmo-
spheric gases (oxygen and water vapour) and attenuation due to particles of precipitation
(such as rain, fog or snow) present in the atmosphere. If the absorption by atmospheric
gases has been characterized and summarized in the well known graph in Figure 2.1,
attenuation during precipitation, especially in the low-THz band lacks of experimental
data. In this work we concentrated in the investigation through experimentation of
attenuation of EMW due to rain and snow for ranges typical of automotive scenarios:
up to 200 meters.
The method used for experimentation consists in measuring the attenuation by
comparing the signal received from a reference target, located at the reference range,
in the condition of clear air (absence of precipitation), with the signal received from
the same target during the precipitation. The reference signal is measured before and
after the rain event and a average received powers calculated, to minimize the influence
of humidity and temperature on the measured attenuation. From 3.26 the term on the
right in brackets is constant to all the measurements, thus it cancels when calculating
the ratio between the received power in the reference measurement and the received
power in the precipitation measurement. The measurements are made using FMCW
or SFW waveforms. In order to reduce any RCS fluctuation which may arise by the
integration of the power received from the range cells occupied by the reference target,
a narrow bandwidth is chosen, so as to produce a range resolution big enough to include
the entire target in one resolution cell (40 meters).
The measurements needs to be taken simultaneously for all the systems working at
the different frequency bands, that are aimed to be compared, to have a precise estimate
of the attenuation in the same weather conditions. Moreover, the radar measurements are
taken at varying precipitations fall rates and combined with a simultaneous measurement
of the precipitations fall rate by a disdrometer (Theis Clima Precipitation Monitor [65]).
The disdrometer produces results averaged over an integration time of one minute. The 1-
minute integration time is commonly adopted as a standard time interval in propagation
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studies. Therefore, the radar measurements results are obtained by averaging the number
of chirps (K1m) for which the total length is one minute. The atmospheric attenuation
is simply calculated from the maximum magnitude of the target in the range profiles




k=1 Rre f ,k(rre f )
Rp(rre f )
(3.27)
Where rre f is the range at which the reference target is located.
The results are presented using scatter plots of the 1-minute attenuation measure-
ments over rainfall rates, and a least mean squares fit to the highest measured attenuation
calculated.
3.4 Radar signatures of road actors
There are a number of reasons for the experimental characterization of the signatures of
road targets and each has a different influence on the way the measurements are carried
out. These are:
• Knowledge of the electromagnetic scattering characteristics of targets
• Acquire diagnostic data
• Acquire information for targets identification
• Build a database
• Develop models for simulators
The primary function of any radar system is target detection. For the development of
automotive radars, there is the need to define the maximum range and the SNR required
to detect any road target of interest. Therefore, it is fundamental that the knowledge of
the reflection characteristics of such objects, like the average value of the backscatter
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wave intensity and its fluctuation in range and at different aspect angles. One of the
aims of the research is the recognition based on high resolution radar images of road
targets, in this sense the collection of diagnostic data means the identification of the
main scattering centers of a target and the reconstruction of its sizes. Another method
for target identification is based on the extraction of features based on the micro-Doppler
signatures, although models of for these signatures are already advanced, measurements
to validate such models are essential. The building of database of road target signatures
is becoming increasingly necessary, as algorithms for target classification are based on
machine learning, which require a huge numbers of data to train their classifiers. Finally,
the development of automotive test environment simulators require the generation of
virtual radar targets, which reliability can only be possible if based on real targets
measurements.
In the next sections, the methodologies to achieve the radar signatures, necessary to
fulfill these requirements, will be illustrated.
3.4.1 The radar cross section
The formal definition of radar cross section, as it is used in the radar equation 3.26,
assumes that the target scatters electromagnetic energy equally in all directions. Since
this is a characteristic of a large metal sphere, the RCS of any target can simply be
seen as the the projected area of a large metal sphere that would reflect a wave of the
same intensity, therefore it is like that the actual target is replaced by this fictitious
sphere [42]. This assumption involves that the target is fully illuminated by the radar
antenna’s beam, as would be the sphere. Moreover, after the received signal is processed
the target should occupy only one resolution cell to appear as a point-like target, as it
would be for a sphere. Therefore, in order to measure a target RCS in the traditional
way, the radar system should be provided with wide beam antennas and the waveform
should have a narrow bandwidth. Moreover, the formal definition of RCS involves a
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limiting process in which the distance to the target should tend to infinite [42]. However,
this is not the case of automotive scenarios, the RCS signature is intended here to refer
more to the methodology of measurements rather then on its strict definition. In static
RCS ranges, the distance radar-target is fixed and the footprint of the antenna beam on
the target is stationary. Fluctuations of the backscatter signal can arise if the relative
position and orientation of the target scattering centers along the LOS change. These
fluctuation can exhibit high variation if the aspect angle of the target relative to the radar
change even with a fraction of a degree. Therefore, the targets needs to be measured as
functions of aspect angle, with the aid of rotating platforms (turntables), and the result
are patterns with the amplitude of the echo, usually in the decibel scale, plotted in a
polar or Cartesian format versus the azimuth angle (example in Figure 3.10).
Fig. 3.10 Example of polar plot of the RCS vs azimuth angle of a simulated aircraft [66]
The RCS signature obtained through measurements with wide beam (WB) anten-
nas and narrow bandwidth (NBw) waveforms, for each azimuth angle φ is obtained
considering the maximum magnitude of the target backscatter in the range profile:
σ
uncal
WB,NBw(φ) = | R(r = rt ,φ) | (3.28)
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Where rt is the range at which the target is located, that is identified by comparison with
a measurement of the background (no target present in the test range).
3.4.2 RCS calibration
In 3.28 the notation uncal, for uncalibrated, refers to the fact that the measurement
results needs to undergo a calibration process. There are a number of reasons to require
a calibration of the target backscatter power, as cited early, one refers to the failure of
satisfying the far-field criterion in its strict definition. Moreover, the backscatter intensity
is defined by the propagation and attenuation losses as well as system characteristics
such as system losses and circuitry mismatch which may be not known a priori, as well
as possible uncertainties caused by multipath propagation.
For dynamic test ranges the calibration has to be performed starting from the radar
range equation and measuring all the parameters. However, for static ranges it is
possible to use a simple calibration by substitution procedure. A measurement of a
reference target, with known analytical RCS, is collected with it replacing the target
under test. At a fixed frequency the only quantity that varies in the radar equation is the
RCS of the target, in fact the wavelength, the antennas gains, range and losses are fixed
and can be represented by a single constant. When the reference target is measured,
effectively this constant of proportionality is measured and thus the calibration just
consists in measuring this constant for all the frequencies of the transmitted waveform.
There are some targets which analytical RCS is well known, like metal plates, cylinders,
corner reflectors. However the one used in this work is the smooth metal sphere. This is
an isotropic target for the monostatic radar so that there is no need for the alignment
of the sphere with respect to the antennas. Moreover, according to the Mie’s solution
the monostatic RCS is constant in the optical scattering region, which is of interest for
this work, and only depends of the radius of the sphere as explained in 2.5.1 and it is
independent on frequency, thus in this case the only one measurement is required. In
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conclusion, the calibrated RCS signature of a target is:
σWB,NBw(φ) = σthe,sp
R(r = rt ,φ)
| Rsp(r = rsp,φ) |
(3.29)
Where σ spthe = πa
2 is the analytical RCS of a sphere, with radius a, in the optical region
and Rsp(r = rsp,φ) the measured reflection from the sphere.
3.4.3 High resolution range profile
The high resolution range profile (HRRP) is obtained, depending on the transmitting
waveform used, with eq. 3.17 or 3.21, and gating the whole scene range profile within
the regin occupied by the target. HRRP is a one dimensional signature of a target which
gives information on the position in range of the most significant scatterers constituting
a target (example in Figure 3.11).
Fig. 3.11 Example of high resolution range profile of a simulated aircraft [67]
These information can be used for automatic target recognition. When a waveform
with large bandwidth is used (in this work it is in the order of some GHzs and the range
resolution is less than 10 cm), the target is not a point, but a range profile related to the
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scatterers distribution. The range profile is comprised of many range resolution cells,
each of them still contains the echoes of many scatterers and its complex amplitude is
the sum of these scatterers. Now, if the wavelength is small compared to the range cell
size, the phase variation caused by changes of aspect, of any of the scatterers present in
the resolution cell, will cause a change in the complex amplitude of the cell. Therefore,
in order to use HRRP for example for target classification, measurements at different
aspect angles with increments as small as possible are required.
The range profiles obtained from measurements of a target placed on a turntable and
always in the main lobe of wide beam antennas, at different azimuth angles, R(r,φ) can
be used as a signature of a target. The plot of the range profiles vs azimuth with a color
scale proportional to the backscatter signal amplitude (example in Figure 3.12) will
produce characteristic signatures for different targets and can be used for classification
purposes.
Fig. 3.12 Example of high resolution range vs azimuth profile of a simulated aircraft [68]
Moreover, the range spread at different aspect angles, as the target is rotated, can
be used to estimate its dimensions, for instance, it will be shown later in this thesis,
how it is possible to reconstruct the contour of a target by using the position of the first
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resolution cell occupied by the target in the range profiles. From the range vs azimuth
data it is possible to calculate the RCS of the target in two ways, which will lead to
similar (not equivalent) results:
• The signal bandwidth can be reduced after the data collection and before the
processing, to obtain a range resolution low enough to contain all the target in
one range cell. This is achieved by applying to the sampled signal, a bandpass
filter centered at the signal center frequency and with the reduced bandwidth.








Where M is the number of samples of the original signal with bandwidth Bw,
WL is the window function centered at N2 and with length L = M
Bw1
Bw , being Bw1
the reduced bandwidth. In this way all the echoes from the target scatterers are
summed together and the target appears with on peak in the range profile. The
uncalibrated RCS can be calculated using 3.28 and then calibrated with the same
procedure used for the narrow band RCS with 3.29.
• The range profile can be integrated within the region that it occupies and the RCS
calculated. By comparison with a background measurement, a range gating can
be applied to the range profile to isolate the target echoes and integration of the
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where re and rs are the start and end range resolution cells enclosing the reflection





where Ri,sp(φ) is the integral range profile of the calibration sphere.
3.4.4 High resolution images
High resolution radar images (HRI) (example in Figure 3.13) are obtained with the
methodology of the physical beam mapping (section 3.2.4), gating the scene image
within the region occupied by the target. HRI have been used as 2D signatures of road
targets.
Fig. 3.13 Example of a high resolution radar image of a simulated aircraft at 2.5 GHz
with 0.2m range and cross-range resolutions [69]
These signatures are clearly characteristics for each target and are the basis for iden-
tification and classification of road objects based on machine learning algorithms [70].
Moreover, they give important information on the sizes and position and identification
of the scatterers that contribute the most to the target reflections, information that is es-
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sential for developing reliable target models for automotive environment simulators [71].
For both these reason it is important to collect images of targets at different aspect
angles. High resolution images have been produced using physical beamforming tech-
niques, and therefore with an FMCW radar transmitting signals with wide bandwidth
and scanning narrow beam antennas, and rotating the target in azimuth. As for HRRP
data, the RCS of a target can be estimated from imaging data I(r,θ ,φ), by integrating







(re − rs)(θe −θs)
(3.33)
where θs and θs are the start and end angular cells enclosing the reflection from the
target. Subsequently, the appropriate calibration, with the integral image from the





The integration of the image along the range is done with the method illustrated in
section 3.4.3. To have a comparison with the RCS estimated from measurements using
wide beam antennas, the integration along cross-range is done after a transformation of
the curved two-dimensional map described by the scanning narrow beam antennas (see
section 3.2.4) into a rectangular coordinate system, which we would have using a wide
beam antenna.
As shown in Figure 3.14, in fact, in the far-field region, the wavefront of a wide
beam antenna is plane and orthogonal to the radar LOS. The wavefront of the narrow
beam antenna is also plane, but as the antenna is rotating the LOS describes a circular
wavefront. Therefore, the loci of constant range describe a set of lines orthogonal to
the direction of wave propagation for a wide beam antenna. However, using scanning
narrow beam the lines of constant range are circular arcs.
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Fig. 3.14 Method used for azimuth integration of narrow band measurements
From the sketch in Figure 3.14, scatterers located in the points P1 and P2 are at the
same range using wide beam antennas and thus the backscatter signals b1 and b2 from
these two points are physically integrated in the total backscatter bint ; using narrow
beam antennas, to achieve the same result, the backscatter from the scatterers at ranges
r and r+d are integrated:





where α is the angle subtended by the direction of propagation of the plane wave
radiated by the virtual widebeam antenna and the directions of propagation of the
narrow beam antenna at each scanning angle.
3.4.5 RCS statistics
As mentioned, one of the objectives for RCS measurements is to determine the de-
tectability of a target. Since the detection is a statistical process, there is a need to build
appropriate statistical models for the target fluctuations. The RCS values at different
aspect angles, over 360o, are used to make a histogram which represent their probability
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of occurrence, generating a probability density function (PDF), P(σ), and the related
cumulative distribution function (CDF), which is a measure of the fraction of total data






From the PDF and the CDF the following statistics of results measurements have been
extracted: the mean, the standard deviation, the median and the dynamic range.
• The mean σm is calculated with the classic method of average of a data set: the






The mean value is useful when comparing the RCS results obtained at different
frequency bands and also with those reported in literature.







• The median is the value of RCS for which the empirical CDFe(σ) = 0.5
• The dynamic range is calculated for the CDF between 0.1 and 0.9, to exclude the
less probable RCS values, in the following way:
1. The probability distributions of known statistical models, which are listed in
Table 3.3, is build by calculating the parameters from a maximum likelihood
estimate of the RCS values fitted against the PDF
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Table 3.3 Probability distribution models used to fit the measured RCS data
Model Probability distribution Parameters










Gamma P(σ) = β
α σα−1e−βσ
Γ(α) α , β



















2. The empirical PDF from RCS data Pe(σ) is compared with the PDFs ob-
tained for the known statistical models Pf (σ), by calculating the error of
fit:






3. The PDF of the statistical model with the lowest e f is used to calculate a
CDFf
4. The dynamic range is found for CDFf (σ) = 0.1 and CDFf (σ) = 0.9
3.4.6 Micro-Doppler signatures
Micro-Doppler (µD) signature of road targets are achieved by processing through
STFT backscatter signals from moving targets, obtained by transmitting CW wave-
forms. The representation of the signal processed through STFT can be made using
spectrograms [52]. A spectrogram reveals the variation over time of the spectrum of a
time-domain signal s(t) and represents the magnitude squared of the STFT:
µD(φ) = |ST FT (t, f ,φ)|2 (3.40)
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where the dependence with φ describes the orientation of motion of the main body of
the target in respect to the radar line of sight.
In this work the investigation of µD is mainly focused on human signatures. Human
motion, defined as gait, is characterised by different types of movement of individual
body parts. During a walking cycle the motion of the individual scatterers compris-
ing the human body is characterised by periodic movements and can be regarded as
vibrations [73]. The signal received from a vibrating point scatterer is:
sr = Ae j2π fct+ψ(t) (3.41)
where A is the amplitude of the received signal, fc the transmitted carrier frequency















Av fvcos(2π fvt) (3.43)
From 3.43 it can be concluded that the µD signature in a spectrogram of a vibrating
point scatterer is a sinusoidal-like pattern. The final µD signature for the human gait is
the linear superposition of the Doppler shifts from all the individual point scatterers and
the same period of the sinusoids characterise the gait duration and walking speed and
are therefore used as parameters for classification. This behaviour is illustrated by a
number of models developed in literature, the most famous, the Boulic-Thalman human
model [73] is an empirical model based upon the motion of an average human being.
An example spectrogram of the simulated radar return signal for a CW waveform is
shown in Figure 3.15.
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Fig. 3.15 Spectrogram of micro-Doppler signal provoked by walking human [74]
The body parts of the human describe sinusoidal patterns in the spectrogram with
the period and different velocities.
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3.5 Radar systems
Since there was not specifically designed radar for the doctoral work, the experimental
studies were made using different types of available equipment. Two classes of radar
systems have been used to collect data necessary to characterize the atmospheric
attenuation and road targets at Low-THz frequencies and at the automotive standard
frequencies. The first class is based on VNAs, to generate CW and SFW waveforms,
with square wide beam or pencil beam horn antennas and frequency up-down converters.
The second class is constituted by FMCW radar systems and fan-beam horn antennas.
In the following sections the various systems are presented.
3.5.1 CW and SFW radars
Three different VNAs were used to generate CW and SFW waveform, they were chosen
depending on the type of measurement. Carrier frequency, sampling frequency and
portability were the distinguishing characteristics for the choice of the VNA. CW and
SFW radars were used to collect data to produce reflectivity and µD signatures, the
antennas used for these measurements were square horn antennas with 10◦ or 20◦
3dB beamwidth in both E and H plane, except for those used for the atmospheric
measurements where high gain antennas were needed for longer range operation.
24 GHz CW and SFW radars
The 24GHz radars, used for reference purposes, are based on a VNA at which are directly
connected transmitting and receiving square horn antennas with 20◦ 3dB beamwidth in
both E and H plane, with an operational bandwidth from 20 to 25GHz. The antennas
are collocated in elevation, and separated horizontally by 15 cm. For the reflectivity
measurements a Keysight Fieldfox portable VNA with frequencies ranging from 30
kHz to 26.5 GHz was used thanks to its portability. However, the sampling frequency
achievable with this VNA was not high enough to measure the µD produced by a
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walking or cycling human, therefore, for these measurements a PNA-X with frequencies
ranging from 900 Hz to 120 GHz was used. Figure 3.16 shows photo of the two Fieldfox
portable VNA and horn antennas and the key parameters are summarized in Table 3.4.
Fig. 3.16 Photo of the SFW 24 GHz radar system
Table 3.4 Parameters of the 24 GHz CW and SFW radars
Parameter CW SFW
Network Analyser PNA-X Fieldfox
Center frequency, GHz 24 24
Max bandwidth, GHz 0 5
Output power, dBm 10 10
Antennas type Square horn Square horn
Antennas 3dB beamwidth (azimuth/elevation),deg 20/20 20/20
Antennas gain, dBi 18 18
IF Bandwidth, KHz 10 1
Sweep repetition frequency, KHz 0.4
Max sampling frequency, KHz 8
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300 GHz CW and SFW radar
The 300GHz CW and SFW radar is based on a Keysight PNA-X which transmits
at frequencies up to 20GHz and up and down converters developed by VivaTech
Company [75] in collaboration with MISL. Stepped-frequency signals are swept from
10 GHz at the PNA, up converted to 292 GHz and transmitted out by the Tx antenna.
The reflected signal is received by the identical Rx antenna, converted back down to
10 GHz band by a down-converter and recorded at PNA. The converters and the PNA
are synchronised by a 10 MHz rubidium frequency standard reference. Square horn
antennas with 10◦ 3dB beamwidth in both E and H plane were used for the reflectivity
and µD measurements. For the atmospheric measurements pencil beam antennas were
used because of its high gain, which was needed to illuminate a target at 200m range.
In both configurations, the converters are placed in a quasi-monostatic configuration, as
shown in the photo of the system in Figure 3.17. Figure 3.18 shows an outline of the
system and in Table 3.5 the parameters of the system are summarized.
Fig. 3.17 Photo of the CW and SFW 300 GHz radar system
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Fig. 3.18 Outline the CW and SFW 300 GHz radar system
Table 3.5 Parameters of the 300 GHz CW and SFW radar
Parameter CW SFW
Center Frequency, GHz 292 292
Max bandwidth, GHz 0 16
Output power, dBm -17 -17
Antennas type Square horn
Square horn
Pencil beam
Antennas 3dB beamwidth (azimuth/elevation),deg 10/10
10/10
1.6/1.2
Antennas gain dBi 24
24
30
IF Bandwidth, KHz 10 1
Receiver noise figure, dB 14 14
Sweep repetition frequency, kHz 0.8
Sampling frequency, KHz 8
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3.5.2 FMCW radars
Four FMCW radars were used in the experiments. A 77GHz Off-the-shelf radar,
developed by Celsius Tech, was used for collecting data for the atmospheric attenuation
measurements, due do its long range operation. A 150GHz radar with wide beam
antennas was used for the targets reflectivity measurements. Two systems at 79 and
300 GHz with scanning imaging antennas were used to collect data to produce high
resolution images of vehicles. The 79, 150 and 300GHz systems have been developed
at MISL (University of Bimingham) in collaboration with ELVA [76].
77 GHz FMCW radar
The Frequency Modulated Continuous Wave (FMCW) radar operating at 77 GHz has
300MHz operational bandwidth, 10dBm output power and Offset Cassegrain twist
reflect antennas with 36dBi gain [77]. A photo of the radar is shown in Figure 3.19.
Parameters of the radar are reported in Table 3.6.
Fig. 3.19 Photo of the FMCW 77 GHz radar
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Table 3.6 Parameters of the 77 GHz FMCW radar
Parameter FMCW
Center frequency, GHz 77
Max bandwidth, GHz 0.3
Output power, dBm 10
Antenna type Offset Cassegrain twist reflect
Antennas 3dB beamwidth (azimuth/elevation),deg 1.8/8
Antennas gain, dBi 36
150 GHz FMCW radar
The 150GHz FMCW radar has an operational bandwidth of 5GHz (76-81 GHz) and
output power of 11dBm. This radar was used for RCS and HRRP measurements of road
targets, therefore the antennas used were square horn with 10◦ by 10◦ 3dB beamwidth
both in azimuth and elevation, Figure 3.20 shows how the antennas are collocated in
azimuth. The block diagram illustrated in Figure 3.21 is similar to the one of the 79GHz
radar. In this case a 7.5GHz signal is up-converted to 150GHz through the use of a
multiplier with factor of 20 and the received echo is mixed with the transmitted signal
through an IQ mixer and sampled with the use of a picoscope [78]. Table 3.7 summarize
the main parameters of the radar.
3.5. Radar systems | 69
Fig. 3.20 Photo of the FMCW 150 GHz radar
Fig. 3.21 Outline of the FMCW 150 GHz radar
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Table 3.7 Parameters of the 150 GHz FMCW radar
Parameter FMCW
Center frequency, GHz 147.5
Max bandwidth, GHz 5
Output power, dBm 11
Antennas type Square horn
Antennas 3dB beamwidth (azimuth/elevation),deg 10/10
Antennas gain, dBi 24
Receiver noise figure, dB 11
Sweep time, ms 1.2
Sweep repetition interval, ms 11.8
79 GHz FMCW radar
The 79GHz FMCW radar has an operational bandwidth of 5GHz (76-81 GHz) and
output power of 15dBm. The antennas, used to obtain images of vehicles, are rectangular
horn antennas with narrow beamwidth in azimuth and relative wide beam in elevation.
As shown in the block diagram in Figure 3.22 a 13GHz signal is up-converted to 79GHz
through the use of a multiplier and the received signal from the target, mixed with
transmitted signal through an IQ mixer, is sampled with the use of a picoscope [78].
Table 3.8 outlines the main parameters of the system.
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Fig. 3.22 Outline of the FMCW 79 GHz radar
Table 3.8 Parameters of the 79 GHz FMCW radar
Parameter FMCW
Center frequency, GHz 78.5
Max bandwidth, GHz 5
Output power, dBm 15
Antennas type Rectangular horn
Antennas 3dB beamwidth (azimuth/elevation),deg 1/7
Antennas gain, dBi 29
Receiver noise figure, dB 10
Sweep time, ms 1
Sweep repetition interval, ms 4.3
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300 GHz FMCW radar
The 300GHz FMCW radar was used to produce high resolution images of vehicles. It
can provide a high bandwidth, up to 20GHz, which a range resolution up to 7.5mm.
However the transmitted power is less than the other imaging system (79GHz), provid-
ing, therefore, smaller dynamic range. Rectangular horn antennas with 1◦ in azimuth
and 7◦ in elevation supply the fine azimuth resolution required to produce high reso-
lution images. The block diagram of the radar is shown in Figure 3.23, in this case a
7.5GHz signal is firstly up-converted to 150GHz with a multiplier with a factor of 20
and a second up-conversion is performed with a doubler. The received echo at 300GHz
is mixed with the signal at 150GHz obtained after the first up-converter, through a
second harmonic mixer. The output from the mixer is finally sampled with a picoscope.
Table 3.9 outlines the main parameters of the system.
Fig. 3.23 Outline of the FMCW 300 GHz radar
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Table 3.9 Parameters of the 300 GHz FMCW radar
Parameter FMCW
Center frequency, GHz 292
Max bandwidth, GHz 20
Output power, dBm -3
Antennas type Rectangular horn
Antennas 3dB beamwidth (azimuth/elevation),deg 1/7
Antennas gain, dBi 30
Receiver noise figure, dB 15
Sweep time, ms 1
Sweep repetition interval, ms 4.3
Figure 3.24 shows a photo of the 79 GHz and 300 GHz FMCW radars mounted
through a metallic frame on a rotating platform to scan simultaneously the scene.
Fig. 3.24 Photo of the FMCW 79 GHz and 300 GHz radar system
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3.6 Experimental sites
The first objective of this work is the characterization of the performances of low-THz
sensors in terms of propagation and scattering in an automotive environment. Therefore,
experimentation carried out in practical outdoor scenarios are essential, as well as
characterization of a practical road environment. However, in particular regarding RCS
measurements, characterization of targets in a clutter-free environment and without
any interaction with the test range, where possible, is desirable, hence the need for
measurements in anechoic chambers. In the next sections, the test ranges used for
experimentation are described and characterized.
3.6.1 Site for atmospheric attenuation measurements
For the measurements of atmospheric attenuation in presence of rain and snow, the
radars, in monostatic configuration, are placed at an open window in the fifth floor of the
Gisbert Kapp building at the University of Birmingham. Wetness or snow accumulated
on the radome results in reducing transmissivity due to reflection and absorption by the
water on the radome, as explained in [79]. Therefore, to evaluate the attenuation caused
solely by the rain precipitation, the radars are set 0.5 m inside the open lab window and
kept dry at all times with no radome present.
The reference target is a nearby high rise building (Muirhead tower), used because of
its large RCS. The Muirhead tower is a 16-storey building with a height of approximately
195m above mean sea level and the radar is placed approximately 160m above mean sea
level. All the radar antennas are aligned to be at the same LOS to the reference target
and are placed approximately 25m above the local ground level to render negligible
any ground reflections or scattering due to the ground cover or low lying buildings
present between the LOS. This setup gives a unobstructed two-way path length of 320m
between the antennas and target with only rain or snowfall across the antenna beams.
The radars used in the measurements are the 77GHz FMCW radar 3.5.2 and the 300GHz
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SFW radar with pencil beam antennas 3.5.1, for both radar the SBR of the reflection
from the Muirhead tower was over 30dB.
An aerial image showing the location of the radars and the target is shown in
Figure 3.25.
Fig. 3.25 Photo showing the location of radar and reference target (Google maps)
Photos of the reference target (Muirhead tower) taken during a snowfall event and
of the disdrometer used to measure the precipitation fall rates are shown in Figure 3.26.
(a)
(b)
Fig. 3.26 Photo of the reference target (a) and disdrometer (b) used for attenuation
measurements
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3.6.2 Indoor test range
Part of the RCS measurements and the µD experiments have been performed in a
controlled indoor environment, a room with 3x7.5x2.5m3 (width x length x height) of
open space. In order to reduce any multipath reflection, the targets have been placed in
an ’anechoic’ space where Persian high-pile woollen rugs are used as low-THz wave
absorbers, as demonstrated in [80], such carpets exhibit high absorption for EMW in
the low-THz band. A photo of the facility is shown in Figure 3.27.
Fig. 3.27 Indoor test range
As mentioned before, one of the objectives of the RCS measurements is to look
at the fluctuations of RCS at different aspect angles. Thus the targets are placed on
a computer-controlled turntable to acquire backscatter data at 360 orientations of the
object, with respect to the radar, without changing the experimental setup. Depending on
the frequency band of the measurements, absorbers are placed in front of the turntable
to avoid reflections from it, as shown in Figure 3.27. The rotation of the turntable and
the data acquisition are controlled by a software written in Matlab. After initialisation,
3.6. Experimental sites | 77
the code enters in a loop in which the angular position is set, the radar acquisition starts
and the backscatter data are streamed to a hard disk.
A square horn antennas with a 3dB beamwidth of 10◦ produce a footprint of
1.3m at a range of 7m from the radar, thus in order to ensure the condition of beam
filling, measurements with wide beam antennas were possible for all the targets whose
dimensions do not exceed 1.3m. Moreover, to avoid reflections from the ground before
the target is reached by the antennas main beam, the height of the antennas above the
ground has to be adjusted to have the radar LOS (line of sight) in the direction of the
middle height of the target, as shown in the sketch in Figure 3.28.
Fig. 3.28 Sketch showing the illumination of a 10◦x10◦ beamwidth antenna on a target
3.6.3 Real road test range
When it is not possible to perform indoor measurements of RCS because of the sizes
of the target under test, we need to measure the target outdoor. This is the case of the
measurement on cars carried out in this work. These measurements were taken in a
paved carpark, which is shown in the photo in Figure 3.29.
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Fig. 3.29 Photo of the outdoor test range used for RCS measurements of cars
The distance between radars and target is 22 meters, to assure the complete illumi-
nation by the main beam of a 10◦ square horn antenna. In Figure 3.30 a sketch one of
the experimental setups is shown.
Fig. 3.30 Sketch of the experimental setup used for RCS measurements of cars
The height of the radar antennas above the ground, 0.9m, is chosen to be in LOS
with the middle height of the car. With this configuration it is not possible to avoid
that the radar antennas beam hits the ground before reaching the target. The ground
represents the most pervasive electromagnetic feature of outdoor ranges and cannot
be eliminated, so its influence on target reflectivity has to be analysed and taken into
account in the design of radar systems for target detection in real road scenarios. In the
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next section, a model of multipath generated by a paved ground is developed and the
influence of frequency of the transmitted waveform on target reflectivity analysed.
3.7 Effect of the road ground plane on target
reflectivity
In presence of a ground plane the target is illuminated by two waves, one which
propagates directly from the transmitting antenna and one arriving from the reflection
of the ground. The energy reflected from the target propagates back to the receiving
antenna via the same paths. Thus, as shown in Figure 3.31 (a), the ground reflected ray
generates an interference pattern due to the phase change given by the different lengths
of the direct (D) and indirect (I) paths, which are the source of four possible roundtrip
propagation paths as indicated in Figure 3.31 (b).
(a)
(b)
Fig. 3.31 Geometry for 4-ray path model (a) and possible wave roundtrips (b)
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The radar equation in 3.26 can be rewritten taking into account the interference










For automotive application, the interference pattern can be just considered for a vertical
plane along the LOS and for simplicity it can be assumed that the transmitting and
receiving antennas have identical radiation pattern and subtend a negligible bistatic
angle at the target.
In this circumstance and using the geometry in Figure 3.31 (a), the propagation
factor is identical in transmission and reflection and it is defined as the amplitude ratio
between the signal in free space and the signal in presence of the ground: [22]:
F =| SD +SI
SD
|=| 1+Γe j∆δ | (3.45)
where Γ is the reflection coefficient of the ground and ∆δ is the phase difference between










The propagation factor in the radar equation 3.44 is raised to the fourth power because
it combines two identical factors for transmission and reflection and each of them is
squared to form a power ratio.
The reflection coefficient can be decomposed to take into account the electrical
properties (Γg) and the roughness of the (Γr) of the ground. The derivation of the
reflection coefficient here is made under the conditions that the interface between the two
media is infinite, the ground is perfectly flat and the incidence wave is plane. Although
this conditions are ideal, they may be deemed acceptable for short range automotive
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radars as the antennas beam footprint on the ground is usually relatively small. Moreover
in the calculations, a practical case is considered by including the roughness of the
asphalt, which is a key parameter to compare the effect of the multipath, generated by
the ground plane, on targets reflectivities, measured at Low-THz frequencies and at
lower frequencies
Γg depends on transmitted wave polarization, antennas grazing angle (ψg) and
indirectly on frequency through the surface relative permittivity (εr). Γg is approximated
using the Fresnel reflection coefficient derived for an interface between free space and a









Γr, defined as surface roughness reflection coefficient is an empirical parameter which








where I0 is the modified Bessel function of zero order.
Defined σg = σ0F4p the the measured reflectivity of the target in presence of ground
plane the amplitude of the interference pattern can be expressed as:
σg
σ0
= F4p =| 1+ΓgΓre j∆δ |4 (3.49)
Results of simulations for the model described by 3.49 are now illustrated for the
measurement setup carried out in this work, described in the previous section, the
parameters in 3.46 , 3.47 and 3.48 for this particular scenario are summarised in
Table 3.10.
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Table 3.10 Parameters of the 4-ray path propagation model
Parameter Symbol Value
Antennas height above the ground h 0.9m
Target distance d 22m
Asphalt permittivity εr 3.18 [81]
Asphalt rms surface height irregularity hrms 0.5mm
Grazing angle Ψg 5◦
Plots of the amplitude of the interference pattern versus range using the free-space
and the 4-ray path propagation model, at 79 GHz and 300 GHz, are shown in Figure 3.32.
(a)
3.7. Effect of the road ground plane on target reflectivity | 83
(b)
(c)
Fig. 3.32 Interference pattern with smooth ground and asphalt at 24(a), 79(b) and 300(c)
GHz, and comparison for automotive ranges
The model shows that the oscillation caused by the constructive and destructive
interferences of the four rays produces a considerable variation of the target reflectivity.
Moreover, at low frequencies, the interferences calculated using the reflection coefficient
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of asphalt have an amplitude close to the ones that consider the ground as a smooth
and nearly perfectly conductive ground, and the nulls cause a high attenuation. In
contrast, at 300 GHz the wavelength is of the order of the asphalt roughness and thus,
the scattering from ground is diffuse, producing less interferences amplitudes, which
still introduce fades but with much less amplitude variations in comparison with the
24 and 79 GHz counterpart. As described in Figure 3.33, where a comparison of the
interference pattern in presence of paved road is shown at the automotive ranges (up
to 200m), multipath losses affect the received power by introducing nulls at distances
proportional to the wavelength and the range.
Fig. 3.33 Comparison of interference patterns with asphalt at 24, 79 and 300 GHz, for
automotive ranges
The oscillation of the interference pattern is particularly relevant to the detection
capability of automotive sensors: at 24 and 79 GHz the road object can be located at
the range corresponding to the nulls causing a high drop of the reflected signal and
therefore a missing detection. This phenomena has been observed in standard 77 GHz
ACC radar operation. By contrast, at low-THz frequencies, the distance between the
nulls is smaller and the attenuation is lower, this will produce low reflectivity only
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for the scatterers of the target present in correspondence to the nulls, nevertheless the
overall target can still be detected.
In Figure 3.34 the four-ray propagation model is shown for the measurement range
under test (22m) at 300GHz it can be seen that the nulls in the interference pattern are
spaced at approximately 20cm, while at 24 GHz there is only one deeper null.
Fig. 3.34 Comparison of interference patterns with asphalt at 24 and 300 GHz, for the
range used in the measurements of car
To illustrate this effect, the car in Figure 6.2 was placed on a computer controlled
turntable and its reflectivity measured at 24 GHz and 300 GHz, using widebeam
antennas and with a range resolution of 3 cm, for 180 aspect angles. Figure 3.35 shows
the range profiles versus azimuth angle of the front of the car (as highlighted in (a)),
with a colour scale proportional to the received power.
(a)
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(b)
(c)
Fig. 3.35 Sketch of the rotation angles and beam illumination of the car placed on a
turntable (a). Received power vs azimuth angle at 24(b) and 300(c) GHz
The range profiles at 300GHz (Fig. 3.35(c)) show that the much lower backscatter
from the range cells, corresponding to the nulls in the propagation model, produces the
low power stripes (blue) at constant ranges. How it can be seen in the plot the nulls are
spaced of about 20cm, as predicted from the model. In contrast at 24GHz (b) only one
blue stripe can be seen looking at the sidelobes placed at about 50cm.
3.8. Summary | 87
3.8 Summary
This chapter illustrates the methodology used for the experimental investigation of low-
THz automotive radar performances and the methods of characterization of outcomes.
Firstly, the waveforms and processing typically used for automotive radar are presented
in details. Table 3.11 summarises the type of automotive radars classified depending on
the waveform used.
Table 3.11 Automotive radar waveforms
Waveform Processing Range resolution Doppler resolution
CW STFT None ∆ fd = 1/Tw
FMCW FT ∆r = c2BW ∆ fd =
1
NcT
SFW IFT ∆r = c2N∆F ∆ fd =
∆F
N
Tw: time window duration. T: Chirp duration. BW: Bandwidth.
Nc=Number of chirps. N: Number of frequency steps. ∆F : Frequency increment
Secondarily, the methodologies of characterization of atmospheric attenuation and
road targets are shown. Thirdly, the radar systems employed in the experimentation are
illustrated in detail. Table 3.12 summarises the key parameters of the radars. It includes
the type of waveforms and antennas selected to collect data for characterising the
attenuation through atmospheric precipitations and for obtaining signatures reflectivity
and µD signatures of typical road targets. Table 3.13 is a complementary table to 3.12
in which are indicated the parameters necessary to obtain the various target signatures,
discussed in this chapter. Finally, the experimental sites designed for the experiments
are described and characterized.
Finally, the influence of the road ground plane on targets reflectivity is discussed.
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Table 3.13 System parameters used to obtain targets signatures
Classic RCS HRRP HRI µD
RCS symbol σWB,NBw σWB,WBw σNB,WBw
Antennas beam Wide Wide Narrow Wide
Waveform type FMCW/SFW FMCW/SFW FMCW/SFW CW
Bandwidth Narrow Wide Wide Null
Narrow beam antennas, degree: 1/7. Wide beam antennas, degree: 10/10 or 20/20
Narrow bandwidth, GHz: 0.3 or 0.4. Wide Bandwidth, GHz: 5 or 16
Chapter 4
Attenuation of low-THz waves
4.1 Overview
As shown in Figure 4.1, attenuation losses of signals transmitted by automotive radars
occur fundamentally in three media: the car’s surface component behind which the
radar’s antennas are installed and may be used as radome, contaminants accumulated
on the radome, the atmosphere.
Fig. 4.1 Attenuation mediums for automotive radars
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Focus of this chapter is the analysis of the results obtained in a research study,
currently carried out at MISL, aimed to characterise the attenuation of EMW propagating
through these three critical areas for low-THz radars. The chapter combines original
results obtained by the author regarding the attenuation of low-THz waves in the
atmosphere exposed to adverse weather conditions, as well a review of works undertaken
at MISL as part of the project TRAVEL [82]. In the following sections, firstly there
is a summary of the findings on transmissivity of low-THz waves through automotive
bumper and headlight cover material, published by Ms Xiao in [83]. Secondarily,
results on attenuation of low-THz signals due to radome contamination published by
Dr. Norouzian in [79, 84–87], are shown. Thirdly, two sections illustrate the results
obtained in the study of atmospheric attenuation of low-THz waves due to rain and
snow precipitation, these results are published in [88–90].
4.2 Transmission through automotive bumpers and
headlight covers
The design constraints for modern cars require the invisible integration of radar sensors
behind different types of plastic cover such as the bumpers or headlight covers [91]. The
influence of radar signal propagation through such covers has to be taken into account
by radar designers. Several studies can be found in literature on the characterization
and optimisation of radar covers for sensors operating at 79 GHz. A bumper is typically
a stratified medium, consisting on a plastic substrate and some layers of paint. In [92]
the influence of material and painting of bumpers was investigated by characterising
their dielectric parameters. The study reports that the plastic material and the majority
of paint typically used for bumper provide low attenuation at 79 GHz, less than 3
dB, with an increase when high permittivity paints are used, some metallic paint
were found with permittivity values as high that they would prohibit the operation
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of a 79 GHz sensor. However, absorptive losses are not the only issue for the radar
performances, which are strongly affected by the reflections from the bumper, causing
reduction of the dynamic range and interference. Impedance matching of multilayer
structures is therefore necessary. The optimization of stratified radome at mm-wave
frequencies was studied by Fitzek [93], if the layers are made with materials with
high permittivity, like in the case of car bumpers, the classic quarter-wave transformer
cannot be used, different approaches are proposed by the same author, such as substrates
with embedded antireflection media [93], frequency selective surfaces [94] or other
metamaterial structures [95].
These studies demonstrate how the knowledge of transmission and reflection perfor-
mances, as well as the electric characteristics of automotive radar covers are essential
for the design of effective sensors. Therefore, a comprehensive study, including ex-
perimentation and mathematical modelling, at low-THz frequencies was undertaken at
MISL [83, 96]. Attenuation through bumpers with various paint types and headlights
were conducted at 77 GHz, to have a comparison of performances with the current
automotive radars, and at low-THz frequencies, 300 GHz. Table 4.1 summarises the
experimental results of the measurements for a normal incident angle of the radar’s
antenna beam to the samples. The results are expressed in terms of transmissivity, the
ratio between the power transmitted through the sample and the power transmitted in
free space. These results are also confirmed by an analytical model based on multi-layer
structures and Fresnel’s theory. A detailed explanation of the measurement methodology
and theoretical modelling can be found in [83, 96].
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Table 4.1 Transmissivity of automotive radar covers
Type Paint Sample Transmissivity, dB
of plastic classification thickness, mm 77GHz 300GHz
PP, E/P Solid black 2.87 -0.5 -1.9
PP, E/P Solid white 3.72 -0.7 -2.1
PP, E/P Solid white 3.33 -1.5 -2.4
PP, E/P Solid white 3.02 -2.0 -2.7
PP, E/P Metallic gold 3.15 -1.0 -3.1
PP, E/P Metallic grey 3.26 -2.0 -2.7
PP, E/P Pearlescent red 3.25 -1.0 -2.5
PP, E/P Pearlescent red 3.33 -0.2 -1.3
PP, E/P Pearlescent green 3.27 -0.6 -1.3
PUR Pearlescent white 3.34 -5.8 -7.4
PC Headlight-cover 3.20 -0.4 -2.4
PP: Polypropylene
E/P: Ethylene / Propylene
PUR: polyurethane
Overall, the loss through the bumpers increases from 77 GHz to 300 GHz, how-
ever the signal reduction is always no more than 2 dB for polypropylene (PP) and
polyurethane (PUR) automotive bumpers, both considering solid and metallic paints.
A analogous result was also found for a plastic headlight cover. Moreover, the trans-
missivity was measured by changing the incident angle between the samples and radar
beam to simulate the real case scenarios of a radar scanning behind the bumper. Shorter
wavelength produce higher variation of the transmissivity when changing the incident
angle, because of the higher variation of the electrical thickness. This result indicates
a requirement for high precision positioning of the radar behind the cover at higher
frequencies.
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4.3 Attenuation through contaminated radome
In the presence of adverse weather conditions the antenna radome becomes wet or it
is covered with a thin layer of water, ice or dirt and the transmission and reflection
characteristics of the radome can vary. Contaminants interact with EMW and can
produce its attenuation up to complete signal blockage and sensor failure. The study
of signal attenuation due to radome contamination needs to be addressed to generate
the requirements for radome design and packaging in a vehicle as well as the loss
dependence on the radar signal carrier frequency.
In literature, the attenuation due to contaminants present on the antenna’s radome
is mainly limited to the study of water and at frequencies below 100 GHz. All these
studies, show a considerable loss even with a very thin layer of water and a strong
dependentance on the frequency. In [97] considerable transmission losses through
uniform layers of water are calculated and in [98] measurements of a radome covered by
a water layer with a thickness of approximately 1.5 mm at 20 GHz, show transmission
loss of 20 dB. [99] reports attenuation between 9 and 14 dB caused by a thin layer
of rainwater on the radome of a 94 GHz radar, from results of measurements carried
out over two years at varying precipitation rates. Attenuation due a uniform layer of
water has been recently studied also in the optical region, [100], measurements and
simulations show strong attenuation even with a very thin layer of water. Coming to
automotive applications, experiments carried out at the Robert Bosch GmbH, [101] and
compared with a theoretical model based on Fresnel theory, reveals that, the existence
of a water film on the surface of the antenna lens or its radome is the primary cause for
weak performance of radar sensors, operating at high frequencies in rainy and snowy
weather conditions. Measurement results at 76.5 GHz show a loss of about 30 dB
due to a water layer of 1 mm thickness. In [102] the influence of a thin water layer
on automotive radar operating in a wide frequency interval 75-85 GHz is studied and
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results show losses from 6 dB to 20 dB, strongly depending on the thickness of the
water film.
Published information on the impact of radome contaminants on wave propagation
is absent for the Low-THz bands. At MISL comprehensive theoretical and experimental
studies on the loss effect of many common contaminants that occur in automotive
practice, were made at Low-THz frequencies. The study regards water, ice, sand, diesel,
gasoline and fallen leaves. The measured two-way transmission losses through these
contaminants are summarised in Table 4.2 and confirmed by theoretical models. A
detailed explanation of the measurement methodology and theoretical modelling can be
found in [79, 84–87].
Table 4.2 Two way signal reduction on a contaminated radome, dB [90]
Frequency band, GHz
Contaminant 77 150 300
Pure 30 [101] 29 38
Water (0.45mm) Salty (3.5%) 23.2 22 31
Dirty no data 34.6 40
Sand (size: 0.2 mm) Dry no data ≈ 0 10
(Thickness: 1mm) Moist (10%) no data 12.6 26
Ice (1mm) 0.4 1.4 3.2
Diesel (1mm) 0.6 0.8 1.1
Gasoline (1mm) 1 1.4 1.5
Leaf (0.37mm)
Fresh 30 34 40
Dry ≈ 0 ≈ 0 4
Water droplet 10% no data 2 2
(coverage area in %) 20% no data 4 1.6
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The highlight of the results shown in the table is the strong dependence of EMW
degradation, at every frequency band, with the presence of water or when other contam-
inants containing water cover the entire radome surface.
The high reduction of a signal passing through water is caused by the absorption of
energy of the EMW because of the alignment of the polarised water molecules in the
presence of an electric field. Water on the radome can be in the form of a thin layer or
as droplets distributed over the radome.
Losses due to a layer of water depend mainly upon the thickness of the layer and
are scarcely influenced by other chemicals that may contaminate it, as well as by the
percentage of salt contained. Losses due to droplets distributed on the radome are the
most common case in real scenarios and have a less detrimental effect on the wave
propagation in comparison with a uniform layer of water. Losses are influenced by
the droplet size, density and distribution. Results in [79] show that the propagation at
sufficiently short wavelengths does not degrade the performance of the radar radomes
significantly. This is attributable to the fact that gaps between droplets have an electrical
dimension larger than the wavelength, increasing the transmissivity through a screen
of randomly distributed droplets. Such effect demonstrates one of the advantages of
the low-THz band for outdoor applications, as this requirement is achievable with very
short wavelength signals.
The study of losses due to a random distribution of sand particles on the radome
shows, for dry sand, negligible loss at 150 GHz, at 300 GHz, probably due to resonance
effects, losses are consistent. The signal reduction at every frequency, dramatically
increases with the presence of water mixed to sand. Moreover, as shown in [85]
attenuation is lower when produced by mixture of finer particles and water, which is
also the most practical case. The signal reduction due to the presence of a uniform layer
of ice is significantly lower compared to the same thickness of water. As explained
in [84] the result is due to water and ice different molecular structures. Ice molecules
are locked into a crystal structure and thus will not align with an electric field. Diesel
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and gasoline do not produce significant reduction of the EMW [86]. Moreover, if on one
hand, gasoline has a stronger absorption coefficient in comparison with diesel, on the
other hand, in practice, it evaporates very quickly, due to its weak molecular dispersion,
almost cancelling the chances of forming gasoline film on the radome. The study of
signal reduction due to leaves attached to the radome [87] shows that while the leaves
themselves are transparent to EMW, the presence of water in it constitute the main issue
for the radar signal. The measured signal reduction through fresh leaves, in fact, is
equivalent to the reduction through a uniform layer of water with a thickness of 0.5 mm.
4.4 Atmospheric attenuation due to rain precipitation
The study of EMW propagation in different weather conditions for radars operating at
Low-THz frequencies is significant for the future development of Low-THz outdoor
applications. The most common precipitation occurring in Europe is rain, which is
well known to be the cause of the most of the attenuation for potential automotive
radars operating at frequencies above 100 GHz [103]. The presence of rain in the
atmosphere causes the reduction of the intensity of an EMW propagating through it, due
to absorption inside the raindrops and scattering by them. This study aims to determine
an empirical model for different rainfall rates and find out how the switch to the current
automotive frequency of 77 GHz to low-THz frequencies affects the radar maximum
detection range.
Attenuation due to rain at frequencies between 30 and 350 GHz has been subject
of study since 1975 when Sander [104] published results of measurements collected
over two years and determined the attenuation coefficient as a function of rainfall rates
at 52, 90 and 150 GHz. The results show that higher attenuation caused by heavy
rainfalls in the whole frequency range between 52 and 150 GHz differs only by 20%.
In [105] and [106] measurements results at 37, 57, 97 and 103 GHz were used to
develop models of the raindrop size distribution. The rain attenuation statistics for a
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wireless link at 120 GHz were studied in [107] and results show good agreement with
the International Telecommunications Union Radio-communication Sector (ITU-R)
prediction model [17]. The same conclusion was drawn in [108] for measurements
results of rain attenuation in tropical regions at 120 GHz and in [109] for results at 355.2
GHz through rainfall rates up to 25 mm/hr. An improved semi-empirical method for the
prediction of rain attenuation in earth space and terrestrial links is proposed in [110].
The model uses the full rainfall rate distribution to predict the attenuation distribution.
The sparsity of experimental work at Low-THz frequencies on rain attenuation
validate the importance of further studies to support the future development of outdoor
applications. It is expected that the increase of the rainfall rate causes higher attenuation
due to the occurrence of bigger raindrops. Moreover, for the same rainfall rate, it is
expected to observe a signal reduction higher as the frequency increase, because the
raindrops are electrically bigger at a higher frequency.
In this work, the attenuation was measured simultaneously at 77 GHz and 300
GHz as a function of rainfall rate throughout one year. The rainfall rate measured by
laser disdrometer and expressed in mm/hr, is equivalent to the accumulated depth of
rainwater in a gauge over a time interval of one minute. Two radar systems operating at
the frequency under investigation are co-located in the experimental setup described
in Sections 3.3 and 3.6.1, providing the same propagation path. In the next section,
experimental results are shown and a model based on the ITU-R theoretical model
extrapolated.
4.4.1 Experimental results
Figure 4.2 shows the measured specific attenuation at 77 GHz and 300 GHz. Here the
term ’specific’ indicates that the results are obtained from measurements in a specific
location (UK) and may be different if the experimentation would be carried out in
different regions of Earth.
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(a)
(b)
Fig. 4.2 Measured attenuation due to rain precipitation at 77 GHz (a) and 300
GHz(b) [88]
Overall, results at both frequencies exhibit higher attenuation with the increase
of the rainfall rates, as expected due to the presence of larger raindrops at the higher
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rainfall rates. The attenuation per kilometre is only slightly higher at 300 GHz than at
77 GHz.
The ITU-R prediction model expresses the rain attenuation Ar as a function of the
rainfall rate Rr through a power law relation:
Ar = kRαr (4.1)
where the coefficients k and α are empirical parameters that only depend on the fre-
quency and EMW polarization and do not take into account the raindrop size distri-
bution. Based on the ITU-R model, the coefficients k and α were extracted from the
measurements results by fitting a power law equation to the data, using a least mean
square algorithm, the coefficients obtained are: k = 1.6286, α = 0.6296 at 77 GHz and
k = 1.1320, α = 0.7177 at 300 GHz.
In [88] a model of rain attenuation based on Mie scattering theory and the drop size
distribution, measured with the laser disdrometer and fitted against common statistical
distribution models, is derived. The measurements results, shown here, best agree with
the ITU-R recommendation at 77 GHz whereas at 300 GHz, the calculation based on
Mie scattering and the Weibull distribution exhibits a slightly better fit to the measured
data.
Now, there are several measured data points that exceed the curve fitted to the
measured data. For the estimation of the maximum range of operation of the radar
system, the additional propagation attenuation needs to be modelled as a link margin,
therefore, an upper bound it is also calculated by fitting a least mean squares to the
measured specific attenuation which exceeds the theoretical prediction calculated by
Mie scattering theory. The curves obtained are also shown in Figure 4.2.
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4.5 Atmospheric attenuation due to snowfall
The second precipitation, typical of automotive scenarios, studied was snowfall. Atten-
uation due to snow precipitation is the result of extinction by individual snowflakes. In
our study carried out to analyse the absorption in ice [84], it was found that ice produces
very low attenuation, therefore the attenuation through the single snowflake is mostly
produced by scattering. Measurements during snow storms show that attenuation due to
falling snow is difficult to characterise. Snow precipitation is comprised of crystalline
ice water; the crystals can have many different shapes and sizes with maximum diame-
ters of 15 mm. The fall velocity is smaller than for raindrops and more regular, this is
expected to cause more attenuation to EMW as a higher amount of water is present in
the atmosphere for a given amount of time. A classification that may be taken is based
on the amount of free water associated with them. In this work, two categories are
considered, dry and wet, which are identified depending on the ambient temperature and
humidity. The measured specific attenuation through snowfall is analysed and presented
as a function of the snowfall rate. Very few studies can be found in the literature
regarding the influence of snow on the EMW propagation at either the standard 77
GHz automotive frequency or in the low-THz band. In 1977 a research conducted at
the Ballistic Research Laboratory (BRL), USA, on attenuation of 140 GHz signals
through different precipitations [111], shows the results of measurements on wet snow.
The measured attenuation was in general 3 times higher than rain precipitation at the
same rate, for example with a snowfall rate of 1.2 mm/hr the maximum attenuation was
5.5dB/km higher. A second publication by the BRL in 1988 [112] shows results at 95,
140 and 217 GHz with a snow mass concentration of 1 g/m3, the attenuation increases
with the rise of frequency, from 2 dB/km to 9 dB/km. A more recent study [113]
provides results from a satellite link at Ka-band, the attenuation with dry or wet snow
rarely exceed 2 dB at these frequencies.
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Snow attenuation through various intensities of wet and dry snowfall was measured
at 77 GHz and 300 GHz during several snowfall events from the 8th to the 11th of
December 2017 and from the 14th and 28th of February 2018. The experimental
methodology is analogous to the one used for the rain precipitation characterisation and
explained in Sections 3.3 and 3.6.1, the laser disdrometer can also measure the snowfall
rate. Temperature and relative humidity are monitored as they influence characterisation
of the snow and because the snow can suddenly turn to rain and vice versa. The
reference signal with clear air is measured close to the snow events, just before and
after. This is because changes in relative humidity can result in a variation of the signal
amplitude. The next section reports the experimental results obtained.
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4.5.1 Experimental results
Figure 4.3 shows specific attenuation through dry snow at 77 GHz and 300 GHz. In
figure 4.4 the specific attenuation is, instead, shown for wet snow at both frequencies.
(a)
(b)
Fig. 4.3 Measured specific attenuation due to dry snow precipitation at 77 GHz(a) and
300 GHz(b) [89]
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(a)
(b)
Fig. 4.4 Measured specific attenuation due to wet snow precipitation at 77 GHz(a) and
300 GHz(b) [89]
As for the study of rain attenuation, using the same power law relation of the ITU-R,
a least mean square fit is obtained for the median values and the upper bound. Overall,
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for all the measured specific attenuation through all the snow storms the attenuation
increases with the increase of snowfall rate. In general, at 300 GHz attenuation is
2-3 dB higher than at 77 GHz. Comparison between the median least squares fit for
dry and wet snowfall shows slightly higher attenuation through wet snowfall. This
result is consequence of the increase of water content in snowflakes and therefore of
the absorption rate, and by the increase of the size of snowflakes and reduction of
their fall rate. The difference between the fitted curve to the median values and to
the highest values exhibit higher variability for dry snow. There may be a number of
factors inducing this results, all related to the different characteristics of the dry and wet
snow which are not fully understood at this stage. The spatial non-uniformity of the
snowfall along the path or during the observation time may be higher for dry snow, or
the reference target reflectivity may be different when there is dry snow accumulated on
it. Moreover, the classification as dry or wet snow, based on ambient temperature, may
be inaccurate.
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4.6 Comparison of atmospheric attenuation in presence
of different precipitations
The plots in Figure 4.6 show a summary of the findings of the experimental charac-
terization of the atmospheric attenuation in presence of adverse weather conditions of
low-THz waves and standard automotive frequency signals. The results are accompa-
nied with values for clear air and fog extrapolated from the plots in Figure 4.5.
Fig. 4.5 Atmospheric attenuation curves from 10GHz to 1THz under various levels of
relative humidity (RH) and fog [114]








Fig. 4.6 Attenuation in clear air (a), fog (b), rain (c) and snow (d) [90]
The EMW attenuation is illustrated for the automotive standard frequency of 77
GHz, as reference, and at the Low-THz frequencies, for ranges up to 300 m. Attenuation
in clear air with relative humidity (RH) of 100% shows a loss of 3 dB over a range of
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300 m at 300 GHz. The presence of water in the atmosphere as a result of complex
weather conditions, such as rain, fog and snow introduce higher attenuation as the EMW
is absorbed and/or scattered when interacts with the precipitation particles. As expected,
the smaller specific attenuation for both frequencies is observed for dry snow due to
lower absorption coefficient in dry snowflakes. The maximum difference between
attenuation at 300 GHz and 77 GHz corresponds to extremely dense fog which reaches
about 10 dB at 300 m. For rain and snow, the loss difference is lower and it is within 3
dB between the two frequency bands.
Finally, coefficients for a theoretical model, based on the ITU-R power law model,
are extracted from the atmospheric propagation results and summarised in Table 4.3.
The coefficient are calculated using a least-mean square algorithm for the median and
upper bound values of attenuation.
Table 4.3 Power law fit for precipitation measurements
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4.7 Summary
This chapter reports results on the analysis on attenuation losses in the low-THz band,
through the component behind which the radar’s antennas are installed, contaminants
accumulated on the radome and the atmosphere in presence of adverse weather con-
ditions. Installing the radar behind bumpers or headlights would produce only 2 dB
difference in attenuation by increasing operating frequency from 77 GHz to 300 GHz.
Attenuation due to particles on the antennas radome or in the atmosphere along
the EMW propagation path affect the maximum detection range of Low-THz radars
even for the relative short range of operation for automotive applications (300 m). A
comprehensive study of different contaminants on the antennas radome was undertaken
at MISL and results summarised in Section 4.3. As expected, it was found that the
presence of water in the contaminants is the most significant cause of attenuation and
its effect is in general more detrimental at higher frequencies. However, analysis of the
most common scenario, with water droplets distributed on the radome, shows lower
attenuation at the shorter wavelength, due to EMW transmission through gaps between
the droplets.
Sections 4.4, 4.5 and 4.6 report experimental results of the atmospheric attenu-
ation in presence of adverse weather conditions. Compared to standard automotive
frequencies (77 GHz), Low-THz frequencies do not introduce dramatic increase of the
attenuation through atmosphere over the range of operation of automotive radars (up
to 300 m). The maximum difference between attenuation at 300 GHz and 77 GHz
corresponds to extremely dense fog which reaches about 10 dB at 300 m range. For
rain and snow, the loss difference is within 3 dB between two frequency bands.
Chapter 5
Signatures of pedestrians in the
Low-THz band
5.1 Overview
Road accident statistics show that pedestrian detection and recognition are the two most
challenging problems that have to be considered in the development of automotive
safety systems. According to the global status report on road safety, 2015 by the World
Health Organization, more than 25% of all road traffic deaths are among pedestrians
and cyclists [115]. In order to assess the capability of automotive radars for pedestrian
detection and identification, the knowledge of the way the human body reflects electro-
magnetic waves is essential. In particular, it is indispensable to estimate the human RCS
to evaluate the maximum range at which a pedestrian can be detected and its motion
characteristics, in terms of micro-Doppler signature, to identify the pedestrian among
other detected targets. While µD signatures have been investigated in several studies
over the past years [116, 117], the literature lacks studies on the reflectivity of humans.
Regarding Low-THz frequencies, there are no reported studies on either RCS or
µD signatures of humans. In the following sections, firstly it will be presented a
comprehensive study on pedestrian RCS carried out at the MISL and published in [118–
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120]. Secondarily, results of µD signatures of humans subjects at Low-THz frequencies,
plublished in [120, 121] will be shown and analysed.
5.2 Radar Cross Section of pedestrians in the Low-THz
band
Studies of the RCS of the human body are reported mostly for medical applications,
and at frequencies up to 10 GHz [122–124]; Yamada [125] measured the pedestrian
RCS at the standard automotive frequency of 76 GHz with a narrow bandwidth, the
average RCS was found to be about −8dBsm with a range of fluctuation of about 20dB.
A comprehensive study undertaken at the European Microwave Signature Laboratory
(EMSL) [126] established a reference library of RCS signatures in the automotive radar
bands of 24 GHz and 79 GHz. The observed RCS averages in the two frequency bands
are quite close and they do not show significant differences. The mean RCS is around
−8dBsm for an adult male and −11dBsm for a child. The use of large bandwidth
shows the potential to obtain robust RCS signatures that can be used for classification
purposes.
In the next sections, experimental results on pedestrian RCS at 150 GHz and 300
GHz will be shown and compared with the standard automotive frequency of 24 GHz,
at which computer simulated results will also be shown. The work presented in the
following sections was published in [118].
For ethical, health, safety and technical reasons, it is not possible to arrange pro-
longed measurements with a real human subject. Furthermore, such measurements do
not guarantee the reliability of the results due to an issue with the required repeatability.
Instead, the use of human dummies is a standard approach for the characterisation of
pedestrian detection performance for automotive sensor performance analysis [127].
In our studies a child dummy was selected as the representative of the class of road
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actors who are (i) most at risk on the road, and (ii) the most challenging object to
detect due to their small physical size compared to that of an adult and less predictable
behaviour, resulting in a higher variation of the aspect angles over the car reaction
period. We assume that the ability of radar to detect children should guarantee the
detection of adults. Moreover, since it was not possible to involve a real child in the
experimentation, adult mannequin and human targets were used for preliminary tests to
assess the accuracy with which the RCS of a mannequin can represent that of a human.
5.2.1 Target selection
In order to assess the accuracy with which the RCS of a mannequin can represent that
of a human, initially a comparison of reflectivities of a human subject and a mannequin
was performed. To match the size of the human measured, a mannequin of adult size
was used for this test. The material of the mannequin is the same plastic material as
of the child mannequin which is used in the main RCS measurements presented in
the following sections Figure 5.1(a) and (b) shows the set-up of measurements at 150
GHz where the range is chosen so that the man and the mannequin both fill the antenna
beams, their sizes are similar and both wore the same clothes. In Figure 5.1(c) the high
resolution range profiles (HRRP), normalised to the maximum value of the received
power, for both subjects are plotted and the calculation of the integrated gated profiles,
calculated using 3.31, shows a difference of 0.5 dB.
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(a) (b)
(c)
Fig. 5.1 Comparison of reflectivities between human and mannequin. (a), (b) Experi-
mental setup, (c) HRRP of the mannequin and human
Similar agreement between returns from both targets was observed for other aspect
angles, which allows the conclusion that, at the frequencies of interest, it is possible to
estimate the RCS of human wearing clothes using a mannequin of the same size.
Next, an analysis of the difference in the reflectivity of a human with and without
clothes was carried out to see the effect that this has on detectability. The setup of
the experiment made at 300 GHz is shown in Figure 5.2(a) and (b). In Figure 5.2(c)
representative range profiles of the human subject with and without a cotton T-shirt are
shown.
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(a) (b)
(c)
Fig. 5.2 Comparison of reflectivities between human skin and clothes. (a), (b) Experi-
mental setup, (c) HRRP of human with and without clothes
The signal received from the targets, shows that the reflectivity of the human
skin is about 3 dB higher than the reflectivity of fabric. Therefore, since even light
clothes reduce the human reflectivity, effect of different kinds of common clothes on
pedestrian’s RCS was investigated and presented next, in Section 5.2.8.
5.2.2 Measurements methodology
The primary objective of the measurement campaign was the collection of pedestrian
returns to characterize pedestrian reflectivities at the frequencies of 150 and 300 GHz
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using 5 GHz bandwidth and to compare the results with the existing results reported at
lower frequencies, namely at 24 GHz and 77 GHz. Secondly a comparison of results of
measurement with two different bandwidths: 300 MHz (current automotive standard)
and 5 GHz, was carried out.
The measurements were performed in the indoor site described in Section 3.6.2, the
target was placed in a controlled environment in an anechoic space built with low-THz
absorbers, high-pile woollen rugs, placed to cover the floor and the wall behind the
target. Table 5.1 summarize the key parameters of the systems and setup used for the
data collection in the three frequency band considered in this study. The 24 and 300
GHz systems are SFW radars (Section 3.5.1) the 150 GHz radar is the FMCW radar
shown in Section 3.5.2.
Table 5.1 Parameters for the pedestrian RCS measurements
Parameter
24GHz Radar 150GHz Radar 300GHz Radar
(Section 3.5.1) (Section 3.5.2) (Section 3.5.1)
Output power, dBm 0 11 -17
IF Bandwidth, KHz 3 1 3
# of integrated measurements 10 10 10
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The square horn antennas used in the 150 and 300 GHz systems, with both azimuth
and elevation 3 dB beamwidth of 10◦ illuminate the entire mannequin placed 7 m away
from the antennas, without reflections from the ground. For the measurements at 24
GHz square horn antennas of 20◦ 3dB beamwidth were used, the mannequin was kept
at the same position but the radar was moved 3.5 m towards the mannequin to ensure
the same beam filling by the mannequin and to avoid main beam reflections from the
ground before target. Figure 5.3 shows the setup for the measurements, where the
footprint of the radar on the mannequin is highlighted.
(a) (b)
Fig. 5.3 Setup for RCS measurements of a child mannequin. Turntable covered with
low-THz absorber (a) and 24 GHz VHP-2 pyramidal absorber (b)
Figure 5.4 shows the range profiles of the child mannequin where is highlighted the
start and end range gating (rs and re) of the region enclosing the target.




Fig. 5.4 Range profiles of a child pedestrian with 5GHz bandwidth at (a) 24 GHz, (b)
150 GHz and (c) 300 GHz
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The repeatability of the results and the experimental setup used in the RCS measure-
ments was assessed by two tests. Firstly, the short-term repeatability of the setup, aimed
to assess the stability of the radar system and environment, was estimated by measuring
the received power from the target during the same day once every hour for 10 hours,
without modifying the setup. Secondly, a long-term repeatability of the results was
determined by comparing the results of measurements made under the same conditions
but on different days, so that a setup disassembly and re-assembly was made in between.
The setup repeatability was assessed comparing the integral range profile Ri of the
mannequin at one aspect angle. Results have demonstrated a very high repeatability: it
was found that at 300 GHz the standard deviation of the average measured RCS is about
0.9 dB for the short-term assessment and for the long-term assessment it is 1.9 dB.
5.2.3 RCS calibration with metal sphere
A polished steel sphere with a radius of 18 cm (RCS=-9.9 dBsm) was used as reference
target to perform the RCS calibration procedure explained in Section 3.4.2. A smooth
sphere is an isotropic target for monostatic radars, so that there is no need for the
alignment of the sphere with respect to the radar. Moreover, due to the fact that the
polished metallic sphere represents a point-like reflector any measurement uncertainty
that can arise due to the effect of non-planar returns to the antenna is reduced. As shown
in Figure 5.5 the calibration sphere is suspended by a thin woollen string of very low
reflectivity from the ceiling, to avoid the use of any support that could interact with the
reflection from the target.
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Fig. 5.5 Setup for the measurement of a calibration sphere
Measurements of the calibration sphere were also used to define the type of integra-
tion to perform among multiple measurements, to increase the signal to background
ratio (SBR). Firstly, the number of range profiles from consecutive measurements to
integrate was chosen to be 10, according to Table 3.1, to provide a trade-off between
noise floor, required sensitivity, and acceptable acquisition time. Secondly, the type of
integration was chosen. Ideally, coherent integration, which leads to a higher processing
gain, should be applied. However due to the phase instability caused by the phase noise
generated by the electronic components used in our low-THz systems, after a series
of tests on a reference target it was concluded that non-coherent integration should
be used instead for our experiments to improves the SBR. For example, at 300 GHz
with 5GHz bandwidth, about 8 dB improvement of the SBR is shown (Figure 5.6) after
non-coherent integration of 10 returns from a calibration sphere.
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(a)
(b)
Fig. 5.6 HRRP at 300 GHz of a calibration sphere with coherent (a) and non-coherent
(b) integration of 10 measurements
Finally, Figure 5.7 shows the range profiles of the sphere after non-coherent integra-
tion at 24, 150 and 300 GHz. The plots demonstrate one strong return from the specular
point on the sphere.




Fig. 5.7 Range profiles of a calibration sphere measured at (a) 24 GHz, (b) 150 GHz
and (c) 300 GHz
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5.2.4 High resolution range profiles
High resolution range profiles are obtained through the methodology described in 3.4.3.
An example of HRRP at 300 GHz versus azimuth angle is shown in Figure 5.8(a).
(a)
(b)
Fig. 5.8 Contour reconstruction of a child mannequin. (a) Position of the first peak in
the HRRP for each azimuth angle; (b) contour reconstruction from the position of the
start arrival times
This result highlights the fact that using a wide bandwidth and, therefore, a very
fine range resolution of 3 cm, even the small target can be modelled as a set of closely-
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spaced scattering centers distributed in range, outlining the shape of the target, which is
observed as the range spread in the Figure 5.8(a). The range spread of a target represents
a feature which can be used for classification purposes, in particularly for estimation
of the dimensions of the object. For example, by estimating the range spread and its
start point in the HRRP at each measured aspect angle, it is possible to reconstruct the
contour of the target as illustrated in Figure 5.8(b), even though ambiguously as the
vertical spread cannot be evaluated due to the lack of vertical resolution measurement
setup.
Target range profiles versus azimuth, Ri(φ) (Eq. 3.31) measured at three frequencies
with 5 GHz bandwidth are shown in Figure 5.9. As expected all three demonstrate nearly
the same range spread of the target which determines the same sinusoidal behaviour
associated with the changing of the aspect angle. However with the frequency increase
the pattern becomes more uniform indicating higher sensitivity of the surface to the
wavelength, in fact rather specular scattering is observed at 24 GHz, while more diffuse
scattering on the target surface is obtained at 150 GHz and 300 GHz. In fact, as surface
becomes rough at higher frequencies we can expect relatively similar level of returns
from all the resolution cells occupied by the target [21] (13 range bins in the case of the
mannequin at the azimuth position of 90◦), which define the more ’continuous’ pattern
compared to the ’discrete’ one at low frequency.
(a)




Fig. 5.9 Aspect angle of the child mannequin rotating on the turntable corresponding to
the front, rear, left, and right azimuth positions (a). Child pedestrian HRRP vs azimuth
for 24 (b), 150 (c) and 300 (d) GHz Bands
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5.2.5 RCS estimation
The polar plots of the calibrated average RCS versus azimuth with wide and narrow
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(e)
Fig. 5.10 Polar plots of the calibrated RCS vs azimuth angles at 24GHz with 5GHz (a)
and 300 MHz (b) bandwidth. At 300GHz with 5GHz (c) and 300 MHz (d) bandwidth.
At 150GHz with 6GHz bandwidth (e)
It can be seen that for 5 GHz bandwidth at all frequencies the average RCSs of the
measured child mannequin do not depend significantly on the aspect angle and with
the increase of the frequency the pattern becomes smoother, so that the variance of the
intensity of returns decreases. Yet, the variance is less than 10 dB for all frequencies,
in contrast to the results obtained with narrow band signals where it is larger than 20
dB. Overall the results indicate the advantage of using a wide bandwidth and high
frequencies to reduce target fluctuation typical for traditional radar. Moreover, it can be
noticed a slightly increase of the mean RCS with the raise of the frequency.
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5.2.6 RCS fluctuation statistics
Figure 5.11 shows the histograms and CDFs of the average RCS as a function of aspect
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(g) (h)
(i) (j)
Fig. 5.11 Statistics of the child pedestrian RCS vs azimuth angles. Histograms at 24GHz
with 300MHz (a) and 5GHz (c) bandwidth, CDFs at 300GHz with 300MHz (b) and
5GHz (d) bandwidth. Histogram at 150GHz with 5GHz bandwidth (e), CDF at 150GHz
with 6GHz bandwidth (f). Histograms at 300GHz with 300MHz (g) and 5GHz (i)
bandwidth, CDFs at 24GHz with 300MHz (h) and 5GHz (j) bandwidth
Following the methodological analysis illustrated in Section 3.4.5, the probability
distribution models best fitting the measured distributions are identified by calculating
the errors of fit summarized in Table 5.2.
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Table 5.2 Error of fit for the child pedestrian RCS against different distribution models
Distribution Frequency Bandwidth Parameters Error of fit %
model GHz GHz (Table 3.3) (eq. 3.39)
Swerling 1/2
24
0.3 σm = 0.25 0.075
5 σm = 0.14 5.045
150 5 σm = 0.77 2.96
300
0.3 σm = 0.22 0.103
5 σm = 0.15 6.02
Swerling 3/4
24
0.3 σm = 0.25 1.24
5 σm = 0.14 3.41
150 5 σm = 0.77 1.37
300
0.3 σm = 0.22 8.79
5 σm = 0.15 4.54
Gamma
24
0.3 α = 1.35, β = 0.19 0.038
5 α = 19.98, β = 0.007 0.037
150 5 α = 7.43, β = 0.1 0.13
300
0.3 α = 1.11, β = 0.2 0.046
5 α = 31.16, β = 0.005 0.23
Weibull
24
0.3 kw = 0.26, λw = 1.16 0.41
5 kw = 0.15, λw = 4.67 0.95
150 5 kw = 0.86, λw = 2.77 1.46
300
0.3 kw = 0.22, λw = 0.99 0.19
5 kw = 0.17, λw = 5.64 1.83
Log-normal
24
0.3 (ln(σ))m =−1.8, (ln(σ))sd = 0.97 1.04
5 (ln(σ))m =−2.01, (ln(σ))sd = 0.23 0.008
150 5 (ln(σ))m =−0.33, (ln(σ))sd = 0.37 0.019
300
0.3 (ln(σ))m =−2.02, (ln(σ))sd = 1 1.44
5 (ln(σ))m =−1.89, (ln(σ))sd = 0.18 0.17
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The best fit is the Gamma distribution for the measurements with narrow bandwidth
and the log-normal for the wide bands. These results are direct consequence of the
different variance of the RCS vs aspect angle for different range resolutions. In contrast
with low resolution waveforms, high resolution produces similar values of the average
returns at different aspect angles. Wanting to confine the analysis to the classic Swerling
models, results show that for the wideband measurements the distribution approaches
the Swerling Case 3 fit while for the narrowband measurements it is closer to the
Swerling Case 1 model. This result is expected considering the nature of the human
target, being comprised of multiple scatterers with one usually being dominant, which
would indicate a Swerling 3 target, however with a coarse resolution these scatterers are
not distinguishable across aspect because conglomerated and averaged into one cell,
producing a Swerling 1 distribution.
Statistics obtained from the histograms and CDFs are summarized in Table 5.3.
Table 5.3 Child pedestrian RCS statistics
Frequency BW Mean Standard Median Dynamic range, dBsm
GHz GHz dBsm deviation, dB dBsm (see Section 3.4.5)
24
0.3 -11.82 4.21 -11.58 [-17.25 -6.3]
5 -11.45 0.98 -12.79 [-12.65 -10.18]
150 5 -10.53 1.62 -10.58 [-12.83 -8.45]
300
0.3 -8.8 4.34 -8.97 [-18.13 -2.95]
5 -8.99 0.78 -8.18 [-10.16 -8.06]
The mean and median values show that overall there is no significant differences
between narrow and wide bandwidth measurements. Moreover, the values obtained
in the measurements are close to that reported in literature, in particular to the results
of measurements at 24 and 77 GHz reported in [126]. Finally, results of standard
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deviations and dynamic ranges indicate the advantage of using a wide bandwidth and
high frequencies to reduce target fluctuation typical for traditional radars.
5.2.7 24 GHz child pedestrian RCS computation
The simulation is a conventional approach to validate the results of measurements and,
therefore, to justify the chosen methodologies. The computer simulation technology
(CST) microwave studio (MWS) [128] allows the calculation of the monostatic RCS of
electrically large objects using the method of moments. However, due to the complexity
of the realistic human model at very short wavelengths corresponding to low-THz
frequencies, and the fact that electrical properties of material including clothes are not
always known at such frequencies, it was used the expedient to attempt simulations at
the lower standard automotive frequency, for instance, 24 GHz, to compare results of
simulation with results of measurements at this frequency and, then, to contrast these
characteristics to that measured at low-THz frequencies of interest. Additionally, it will
justify the chosen methodology so that further work can be done at higher-frequency
bands with confidence. The first step is to evaluate the accuracy of the simulated result
versus mesh size. For this purpose, a reference object, a perfect electric conductor
(PEC) sphere of radius of 18 cm, was simulated at 24 GHz. According to Mie theory
(Section 2.3.6), reflection from a sphere with radius of 18 cm with respect to 1.25
cm wavelength corresponds to the optical scattering region. Figure 5.12 shows the
convergence of the simulated results to the RCS theoretical value as the mesh sizes in
the simulation reduce in respect to the wavelength, the convergence is found with an
accuracy of 0.1 dBsm when the mesh cell size is lower than λ8 .
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Fig. 5.12 Comparison between theoretical and simulated RCS of a sphere
Taking this result into account, a mesh size of λ10 was chosen for simulations using
a model corresponding to a body of a child of the same physical size as the mannequin
used in experiments (Figure 5.13(a)). For the simulation PEC was used as a material of
the body and its effect on the RCS is discussed later in this section. In Figure 5.13(b),
the comparison of RCS calculated in CST with that measured at 24 GHz is shown. For
the measurements the bandwidth of 300 MHz of the signal is chosen, defining range
resolution of 0.5m, so that the whole body is confined within one resolution cell.
(a)
(b)
Fig. 5.13 (a) CST model of a child mannequin. (b) Comparison between full-wave
simulated RCS and measured RCS of a child mannequin
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While RCS patterns with respect to aspect angle are similar, the average power level
of the simulated RCS within the azimuth angle range 50–340◦ is about 4 dB higher
than that of the measured RCS. This discrepancy is likely due to the differences in
surface material reflectivities of PEC and plastic body covered by clothes. Moreover,
the higher level of measured RCS in this angular range might be due to the difference
of geometrical features such as chin and eye cavities, acting as corner reflectors, of
the mannequin and body built in CST. An analysis on the reflectivity of the CST child
model shows that the difference of the amplitude using PEC material and dry skin
material, with a dielectric constant of 18.99 and a conductivity of 22.84 S/m [129], is 6
dB; therefore, the measured average reflectivity of the mannequin stands between these
two extremes, i.e. 4dB lower than the value obtained using PEC in the simulations.
Simulations at 300 GHz, where the wavelength is 12.5 smaller than at 24 GHz
would require over 1 billion mesh cells for electrically accurate representation of a
human. Moreover, without the exact knowledge of electrical–physical properties (di-
electric permittivities, conductivities etc.) and material parameters (texture, density
and thicknesses) of pedestrians’ clothes, the results of the simulation may differ signif-
icantly from actual values, and therefore will lead to inaccurate estimation of actual
reflectivities. For this reason, in this work, the key method of the RCS evaluation is
based on measurements.
5.2.8 Effect of clothing
An additional set of measurements was carried out to assess the impact of clothing on
the reflectivity. All the results presented in the previous sections were obtained with
the mannequin wearing 100% cotton clothes. Two other sets of measurements were
made with a mannequin cladded in (i) a 100% woollen jumper and (ii) a high-viz jacket,
made of 100% of polyester. Calculated global RCS averages, summarized in Table 5.4
and Figure 5.14 show that at 24 GHz there is very little difference in the reflectivities
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of different clothing; this seems due to the fact that at relatively low frequencies the
clothes are almost transparent to electromagnetic waves. The variability due to clothing
increase with the rise of the frequency and at 300 GHz the RCS of the mannequin
wearing high-viz jacket is 3 dB higher than that of the woollen jumper. This result
confirms the finding that a woollen carpets acts as absorber at mm-wave and above [80].
Table 5.4 Child pedestrian mean RCS for three types of clothes
Frequency
RCS, dBsm
24 GHz 150 GHz 300 GHz
Cotton t-shirt -11.4 -10.5 -8.2
Woollen jumper -11.9 -12.2 -11.3
High-viz jacket -10.9 -9.4 -7.3
Fig. 5.14 Comparison of the mean RCS for three types of clothes worn by the child
pedestrian
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5.3 Motion characteristics of pedestrians in the
Low-THz band
Chen [52] has been the pioneer of the micro-Doppler (µD) study of human motion,
following the work of Boulic, N. Thalmann, and D. Thalmman [73] he proposed a radar
signal model of the µD generated by a walking human. The model is based on empirical
mathematical parameterizations, derived from biomechanical experimental data, of the
body parts which are modelled as sphere, cylinders or ellipsoids. The movement of
individual body parts is described by their trajectories, translations and rotations, as
a function of time. Subsequently, more complex models to predict the human µD
signatures were build, like in [130] using computer animation data or in [131] using
motion capture sensors devices.
The time-frequency representation of the human µD could be used to detect pedestri-
ans and classify their activity or among the other road targets. Features in the signature
extracted from real radar data, such as the periodicity of the leg swing component, the
frequency spread of the signature or the velocity of the bulk motion, are distinctive of
human motion. Several works have been done to develop classifiers based on feature
extraction. For example, in [132], a classifier of a support vector machine (SVM)
using the features of target stride, frequency of the limb motion, bandwidth of a micro-
Doppler, and distribution of the strength of a Doppler signal from a spectrogram, is
implemented to discriminate between humans, dogs, bicycles, and cars. In [133] a µD
classification method on measured data at 77 GHz is based on selecting the strongest
parts of a Cadence-Velocity Diagram (CVD), which expresses how the curves in the µD
repeat. The quality of the signature is therefore particularly important for the extraction
of appropriate features to build robust classification algorithms.
The main goal of this study is the introduction of a potential low-THz radar for
automotive application, in the following sections experimental results of pedestrians µD,
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including reflectivity, in the low-THz band will be shown and compared to traditional
automotive radar frequencies. The pedestrian identification itself is outside the scope of
this study. The work presented in the following sections was published in [120, 121].
5.3.1 Micro-Doppler signatures
The aim of the µD measurements was the comparison between the quality of the
signatures obtained with the standard mm-waves radars (24 GHz) and in the low-THz
band. It is expected that by taking advantage of the defuse scattering behaviour of
higher frequency waves, a clearer pattern of the µD signatures of a walking pedestrian
can be obtained to provide its better identification and motion parameters estimation.
Hence, although automatic target recognition algorithms would require signal length
of few milliseconds, all the results in this section are shown for signals of 5 seconds
duration. Measurements were carried out with the CW radars shown in section 3.5
and processed using STFT, as discussed in Section 3.2.1, Table 5.5 summarises the
parameters used.
Table 5.5 Parameters of the µD measurements
24GHz 300GHz
System parameters
Antennas beamwidth, deg 20/20 10/10
Output power, dBm 10 -17
IF Bandwidth, KHz 10 10
Sampling frequency, KHz 2 8.3
Processor parameters
Time window, s 0.1 0.1
Windows overlap, % 50 50
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The measurements were performed in the same anechoic space used to evaluate
the pedestrian RCS and described in Section 3.6.2. In this case the pedestrian is
walking on the spot at a distance of 4 m and 2 m from the 300 GHz and 24 GHz
antennas, respectively, these distances are enough to achieve an acceptable SNR and yet
measure µD contribution from the human torso, arms and upper legs, as shown in the
Figures 5.15 and 5.17. The spectrograms of the pedestrian walking on the spot towards
the radar at 24 GHz and 300 GHz are shown in Figure 5.16. In order to show clearly
the signatures of the different segments, the colour scale is normalised to the received
power maximum value and the dynamic range limited to -40 dB. The higher noise
level noticeable in the 300 GHz spectrogram is due to the lower output power of the
system. Compared to the signature at 24 GHz, the one at 300 GHz show clearer patterns
described by the gait cycle, with the contributions from the movement of different body
segments easily identifiable. The enhanced quality of the signature at higher frequencies
is not only due to the higher Doppler shift produced, which is proportional to the
carrier frequency, but it is specially achieved thanks to the higher sensitivity of small
wavelength to surface roughness: each segment of the human body is comprised of
several distributed scatterers and each of them describes a swing movement contributing
to the overall µD signature.
The advantages of low-THz frequencies in providing high quality µD signatures are
particularly evident when the aspect angle between the pedestrian movement direction
and the radar LOS approaches 90◦, in this case performances of classification algorithms
can be compromised because the measured Doppler offset from the zero frequency
clutter line is diminished. Figure 5.18 shows how, while at 24 GHz it is almost
impossible to identify a pattern, at 300 GHz a clear signature is produced.
All the measurement results reported in this section are compared with simulation
results obtained using the method based on Boulic-Thalman human model showing
good agreement.
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Fig. 5.16 µD signatures at 24 GHz simulations (a) and measurements (b). µD signatures
at 300 GHz simulation (c) and measurements (d)
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Fig. 5.17 Photo of the setup of a human walking on the spot in direction crossing the
line of sight of the radar
(a) (b)
(c) (d)
Fig. 5.18 µD signatures at 24 GHz simulations (a) and measurements (b). µD signature
at 300 GHz simulation (c) and measurements (d)
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5.3.2 Reflectivity analysis
For completeness of the analysis, a further set of measurements was carried out to
characterize the reflectivity of the adult human at 300 GHz, in the same setup of the µD
measurements. Having validated the RCS measurement methodology for the child by
means of measurements and full-wave simulations at the standard automotive frequency
of 24 GHz, an adult dummy is placed on the turntable at the a distance from the 300
GHz radar antennas, chosen to have the same illumination of the human body as for the
subject in the µD measurements setup. A photo of the setup, with the footprint of the
antennas beam on the mannequin, is shown in Figure 5.19.
Fig. 5.19 Photo of the adult mannequin RCS measurement setup
Figure 5.20 shows the range profiles of the child mannequin where it is highlighted
the start and end range gating (rs and re) of the region enclosing the target.
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Fig. 5.20 Range profile of an adult pedestrian at 300 GHz
The range profile of the target with normalised amplitude plotted versus the azimuth
angles of observation is shown in Figure 5.21(a), while Figure 5.21(b) shows the polar
plot of the average RCS.
(a)
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(b)
Fig. 5.21 HRRP vs azimuth (a) and RCS polar plot (b) of an adult pedestrian at 300
GHz
The RCS do not significantly depends on the aspect angle, the mean value is -7.6
dBsm and the distribution of variance has a spread of ±5 dB. This result is close to
the values reported in literature for the standard automotive frequencies of 24 and 77
GHz [126]: -11.5 dBsm and -8.2 dBsm, respectively.
5.3.3 RCS and µD contributions from individual body parts
As illustrated in the previous section, a pedestrian walks as a system with different
but coordinated movements of body segments. The analysis of reflectivity and motion
characteristics of individual body parts can provide an improved understanding of
walking human Doppler signatures, which can be particularly useful to develop models
for target identification.
The use of the mannequin permitted to study the scattering contribution of RCS
from different body parts. Figure 5.22 shows the pictures of the experimental setup of
5.3. Motion characteristics of pedestrians in the Low-THz band | 144
measurements of torso, arms and legs for one aspect angle. The results obtained are
shown in Table 5.6.
Fig. 5.22 Measurements setup of the different body parts measurements
Table 5.6 RCS of human body parts
Body part RCS, dBsm
Torso + upper legs + arms -7.62
Torso + upper legs -9.73
Torso + arms -12.01
Torso -12.98
Upper legs -10.32
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The results show that the torso and legs dominate the reflection of the pedestrian
and arms have lower RCS compared to those two parts.
Coming to the µD contribution from individual body part, the Doppler modulation
produced by each segment was recorded from separate measurements: (i) human
standing on the spot with only both arms swinging like in the normal walking gait (ii)
the leg swing when human walked on the spot without arm swing and his torso kept
stable; (iii) the swing of torso only, with no motions of arms and legs. Figures 5.23
and 5.24 (in the next pages) show the spectrograms of the body parts at 300 GHz and
24 GHz, also compared with the simulation results.
Overall, the comparison between results at the two frequencies confirm that the total
pattern would be significantly clearer at 292 GHz, which shows the high potential for
pedestrian detection and trajectory estimation.
The signature of arm swing, when the pedestrian is walking on the spot towards
the radar, is comprised of the µD of two main segments, which can be identified in
the hands (which produces the signatures with higher Doppler shift) and the shoulders,
and are opposite in phase for the right and left arms. These two signatures are clearly
distinguishable at 300 GHz while overlapped at 24 GHz. The same conclusion can be
drown from the signature of the upper legs, at 300 GHz the µD of the hips (with higher
Doppler shift) can be distinguished from the one of the knees. The sinusoidal signature
produced by the torso is also very clear at 300 GHz. Regarding the µD produced by
the body parts of the pedestrian crossing the line of sight, at 24 GHz is practically
impossible to recognise a pattern in the signatures. Analysing the results at 300 GHz,
which agree very well to the simulations, the right and left arms do not produce two
patterns with opposite phase, because one of the arms is shadowed by the torso and
when illuminated by the radar its radial velocity is similar to the other arm. The legs
produce a quasi-triangular wave overlapped for the right and left leg, in fact while one of
the legs is moving, the other is stable to sustain the body weight. The torso produces a
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sinusoidal signature with a period double of the one for the pedestrian walking towards
the radar, because only half of the torso is illuminated by the antennas beam.
(a)
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(b)
Fig. 5.23 µD signatures of different body parts of a human walking on the spot towards
the radar at 24 GHz (a) and 300 GHz (b). Simulations (left) and measurements (right)
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(a)
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(b)
Fig. 5.24 µD signatures of different body parts of a human walking on the spot crossing
the LOS of the radar at 24GHz (a) and 300GHz (b). Simulations (left) and measurements
(right)
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5.4 Summary
In this chapter the reflectivity and motion characteristics of pedestrian targets in the
low-THz band were experimental analysed by means of RCS and micro-Doppler
measurements. The analysis was carried out for the whole human body, as well as for
individual body parts.
The pedestrian RCS was estimated through measurements of a child mannequin
and results are presented using several indicators of reflectivities such as range–azimuth
profile, polar plots and statistics of the average RCSs. The methodology employed in
the test setup, the choice of the target, the calibration procedure and results obtained
with full-wave simulations are presented. They permitted the collection of reliable data.
The analysis of the various RCS signatures shows that the observed global average
RCS in the three frequency bands, 24, 150 and 300 GHz are of similar values and
in good agreement with the results reported in the literature. This is an important
finding as it suggests that sensors operating at low-THz frequencies will have similar
detection performances as traditional automotive sensors operating at lower frequencies.
Moreover, although having about the same mean RCS, in low-THz band the RCS
angular fluctuations are less pronounced, hence we can expect an enhanced probability
of detection.
A qualitative analysis of the target range–azimuth profile shows that the range spread
of targets in high resolution radar return is significant and can improve identification
of objects in the radar image. A set of measurements carried out to assess the effect
of clothes worn by pedestrians on reflectivity show that the variability of reflectivities
for different clothes increases with the rise of the frequency, yet the difference between
highly reflective and absorptive clothes is only a few dBs.
The micro-Doppler signatures of walking pedestrians were studied by measuring
the Doppler modulations on the received signal from an adult male walking on the spot.
The signature in the low-THz region shows a clearer pattern compared to the one at 24
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GHz. The results, especially the ones obtained for the pedestrian crossing the line of
sight of the radar, show the potential for low-THz systems to better identify features in
the signatures, to be used in classification algorithms.
Finally in order to demonstrate the contribution of body parts into the µD pattern
of the human gate-cycle, the reflection intensity and the µD of individual human body
parts were measured. The torso and upper legs dominate the pedestrian RCS and their
distinctive µD signature is clearly visible in the 300 GHz spectrograms.
Chapter 6
Signatures of cars and other road
actors in the Low-THz band
6.1 Overview
The knowledge of targets reflectivity is essential during the development process of
automotive sensors to provide a quantitative analysis of detection performance, to
enhance the tracking stability and for classification purposes. The RCS of complex
targets is sensitive to their size, shape, orientation, and material. Therefore, it is
extremely important to know the individual RCS of typical vehicles and common road
targets. Although the mean value of the RCS is generally used to radar system design,
the RCS of such targets exhibits unique distribution characteristics as the aspect angle
changes and can be used to estimate the target state including right and left turns.
Moreover, to produce robust algorithms for target detection and recognition based on
radar imaging, the statistical distribution of reflection for extended objects and the
knowledge of fluctuation of reflectivity depending on the aspect angle of the targets is
crucial.
However, currently, there are few reports related to the RCS measurement of roads
actors at the standard allocated automotive bands of 24 GHz and 79 GHz and studies are
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absent at higher frequencies. While the previous chapter was dedicated to pedestrians,
this chapter reports the results, obtained with an analogous methodology, to characterize
the reflectivity of other complex targets present in automotive scenarios at low-THz
frequencies: cars, cyclists, wheelchairs and pushchairs. The results presented in this
chapter are also published in [134, 135]. Firstly the results of measurements on a
popular passenger car at 300 GHz and 24 and 79 GHz, to validate the experimental
setup, will be presented. The measurements were carried out in a typical road environ-
ment. Secondarily, the reflectivity of other road objects in the low-THz band, namely
a children’s bike, a pushchair and a wheelchair, was measured in the same indoor
environment used for the RCS pedestrian characterisation, presented in the previous
chapter. Finally, the µD analysis of cyclists will be provided.
6.2 Signatures of passenger cars in the Low-THz band
Palubinskas and Runge [136] estimated the RCS of a passenger car in the X-band using
satellite SAR data. The RCS mean was 0.5 dBsm with a standard deviation of 7.1 dB
and peaks higher of 10 dBsm at the cardinal angles. Furthermore, it was shown high
sensitivity of the RCS to small changes of aspect angles of up to 10 dBsm for 0.35◦.
Raynal et al. [137] examined the RCS probability distributions of ground vehicles
across aspect and elevation angle, for HH and VV polarizations, and with different
range resolutions in the Ku-band. The study reports a mean RCS of 2.6 dBsm for small
civilian vehicles with standard deviation of 8.1 dB and a dynamic ranges between 1 and
15 dBsm. The vehicles RCS fluctuations across look angle were compared to the classic
Swerling distributions and it is found that the best model is Swerling 1. Measurements
of cars in anechoic chambers in the automotive bands of 24 GHz and 79 GHz band are
reported in [138] using a wide bandwidth (4 GHz) and in [139] with narrow bandwidth
(100 MHz). The values of RCS are similar in the two bands, with mean values around
3 dBsm and dynamic ranges between 0 and 20 dBsm corresponding to oblique and
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cardinal angle, respectively. In [138] an analysis of the position of the main scattering
centres of cars is provided. A report of NHTSA of 2013 [140] shows that the average
RCS of car measured at 94GHz is also between 0 and 10 dBsm.
The aim of the experimental investigation, reported in the next sections, was the
collection of reflectivity data in the low-THz band, never investigated before, and at
the automotive standard frequencies, for comparison, at different aspect angles of a
commercial passenger car to characterize its RCS, to get information on its extend
in range and cross-range and to understand the vehicle elements that contribute most
significantly to the radar reflectivity signature.
6.2.1 Measurements methodology
Objectives of the experiments were to collect reflectivity data of the car with the
following systems and parameters:
• 24 GHz system using a bandwidth of 4 GHz and widebeam antennas
• 79 GHz radar with 5 GHz bandwidth and narrowbeam antennas
• 300 GHz radar with 16 GHz bandwidth and both narrowbeam and widebeam
antennas
The measurements were performed simultaneously in the three frequency bands with
the configuration shown in Figure 6.1.
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Fig. 6.1 Photo of the radars’ setup for the measurements of car1
The 24 GHz and 300 GHz SFW radars, described in Section 3.5.1, have wide-
beam antennas with 20◦/20◦ and 10◦/10◦ azimuth/elevation beam, respectively. The 79
GHz and 300 GHz FMCW systems (Section 3.5.2) with narrowbeam antennas, 1◦/7◦
azimuth/elevation beam for both, are mounted on a rotating platform to scan simultane-
ously the scene. The radar parameters utilised in the measurements are summarised in
Table 6.1.
1The 79 and 300 GHz FMCW scanning system on the top has been developed by Dr. E. Hoare and
Dr. L. Daniel as part of the EPSRC Pathcad project, Prof. M. Gashinova (Principal Investigator)
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Table 6.1 Parameters for the passenger car RCS measurements in the outdoor experi-
mental site
Parameter
24GHz Radar 79GHz Radar 300GHz Radar




Output power, dBm 10 15
-17
-3







Distance from the target, m 23 23 23
Sweep Bandwidth, GHz 4 5 16
The bandwidths are subsequently reduced using the process in section 3.4.3 to
obtain all the signatures of the car described in Section 3.4: RCS, HRRP and HRI. In
Table 6.2 the sizes of the range and azimuth resolution cells are calculated depending
on the bandwidths and antennas beamwidth utilised to produce the signature. As the
aspect angle of the car changes respect to the radar, the car occupies a certain number of
range and azimuth resolution cells, in the table the maximum number of cells occupied
is indicated depending on the cells sizes. Finally, the RCS is estimated for the various
combination of bandwidths and antennas’ beamwidths considered.
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Table 6.2 Resolution cells occupied for the various measurements parameters









Maximum number of 1 1
range resolution cells 106 106/426










Maximum number of 1 1
azimuth resolution cells 1 1
occupied by the car 10 10
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Two measurements campaigns were carried out, in the first the reflectivity of a
Renault Clio (dimensions: 4x1.7x1.5 m (depth x width x height)) was measured for
8 aspect angles spaced by 45 degrees. The car was manually orientated towards the
radars in order to avoid the use of any kind of turntable, which reflection may interact
with the car or introduce direct reflections. In addition the reflectivity of a bigger car, a
Land Rover (5x2x1.8 m), was measured, for comparison, orientated with its rear part
in the LOS of the radar. The height of the antennas above the ground was also varied
to assess its impact on the car reflectivity. In the second measurement campaign, the
measurements of the Renault Clio were made for 61 non-equally spaced aspect angles
of the car using only the 79 and 300 GHz FMCW radars with narrow beam antennas
(1◦/7◦ azimuth/elevation beamwidth), to assess the repeatability of the experimental
setup and obtain statistics of the fluctuation of RCS depending on aspect angles.
Figure 6.2 shows the experimental setup for one of the measured aspect angles of
the car including the wide beam antenna’s footprint.
Fig. 6.2 Photo of the car
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Figure 6.3 shows a sketch of the side and top views of test range for the measure-
ments, where the range and azimuth regions enclosing the target are highlighted. In
order to assure the complete illumination by the antenna beam for all the systems, the
car is placed at 22 m from the radars.
(a)
(b)
Fig. 6.3 Sketch of the experimental setup used for RCS measurements of the car. (a)
side and (b) top views
Figures 6.4 and 6.5 shows examples of the scene HRRP and HRI, obtained through
the wide and narrow band measurements, respectively. For all the measurements,
the peak of reflection from the car is significantly higher (more than 30 dB) than the
background level (i.e. the measurement of the scene without the car), within the region
occupied by the target. The range profiles in Figure 6.4 highlights the reflection from the
ground plane, at 24 GHz the reflection is 40 dB above the background level, significantly
higher than at 300 GHz (15 dB above the noise), confirming the assumptions made in
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the analysis on the effect of a paved ground plane on target reflectivity (Section 3.7): at
300 GHz the wavelength is of the order of the asphalt roughness and thus the defused
scattering from the paved ground plane produces a backscattered wave with amplitude
lower at 300 GHz than at 24 GHz. The reflection from the ground cannot be noticed in




Fig. 6.4 HRRP of the setup for the measurements of a passenger car at (a) 24 GHz (BW:
4GHz), (b) 300 GHz (BW: 16GHz)
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(a)
(b)
Fig. 6.5 Images of the setup for the measurements of a passenger car at (a) 79 GHz
(BW: 5GHz), (b) 300 GHz (BW: 16GHz)
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In order to estimate the car RCS from the radar data collected, the polished steel
sphere shown in Figure 6.6 with a diameter of 50 cm was used as reference target to
perform the calibration procedure explained in Section 3.4.2. The sphere is suspended
to a non-reflective fibre glass pole through a suction cup (which is in the shadow region
of the sphere relative to the illuminating radar).
Fig. 6.6 Photo of the calibration sphere
6.2.2 High resolution range profiles
HRRP, obtained through the methodology illustrated in Section 3.4.3, are used to
identify the position in range of the main scatterers of the car. Figure 6.7 shows
examples of four views of the Renault Clio’s range profiles at 300 GHz, with 16 GHz
bandwidth (i.e. 1 cm range resolution) and wide beam antennas.




6.2. Signatures of passenger cars in the Low-THz band | 164
(d)
Fig. 6.7 Car range profiles, overlaid on the car picture, obtained from measurements at
300 GHz with 16 GHz bandwidth, using wide beam antennas, for 4 aspect angles: front
(a), back (b), side (c) and oblique (d)
It can be seen that there are a few main scatterers contributing to the target reflectivity,
from the bumper, tail, rear and front axles and wheel rims. The highest reflectivity is
located for every aspect angle in the part of the car closest in range to the radar, however
there are returns from the whole extend of the car resulting in the important knowledge
on the size of the car.
Figure 6.8 shows a comparison the HRRPs of the car at 24 GHz (a) and 300 GHz (b)
using the same bandwidth of 4 GHz (i.e. 4 cm range resolution), overlaid to a side-view
image of the vehicle. As can be seen from the radar setups in Figure 6.1, the 24 GHz
and 300 GHz SFW radar antennas were aligned at slightly different aspect angles of
the car and therefore the scatterers of the car were not illuminated in the same way.
However, the HRRPs show approximately the same sources of reflections from the
car, moreover it is possible to notice the improved capability of the low-THz system,
compared to the lower frequency radar, to resolve scatterer centres in range, even using
the same range resolution.
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(a)
(b)
Fig. 6.8 HRRP of the car at 24 GHz (a) and 300 GHz (b) with 4 GHz bandwidth
Finally, a set of measurement was carried out with a bigger car to evaluate the
difference of reflectivity between different sizes of cars, moreover the dependence
of radar antennas’ height above the ground on reflectivity was assessed. Figure 6.9
shows the HRRP of the rear of the Land Rover, using a bandwidth of 16 GHz, for three
different heights of the antennas above the ground: 45 cm, 95 cm and 135 cm.




Fig. 6.9 Range profiles of the rear of a Land Rover obtained from measurements at 300
GHz with 16 GHz bandwidth, using wide beam antennas, for 3 antenna’s heights above
the ground: 45 cm (a), 95 cm (b) and 135 cm (c)
6.2. Signatures of passenger cars in the Low-THz band | 167
The calibrated average RCS is 4 dB higher to that of the smaller car, however, when
the radar is in LOS to the centre height of the car (95cm), the profile shows the same
sources of reflections. The variation of the radar’s antennas over the ground affect the
degree of intensity of reflections from these sources, when the antennas’ height is 45 cm,
the rear of the car is not fully illuminated by the antennas’ beam and thus its reflection
is low, on contrary it can be seen a very high reflectivity in correspondence of the front
axle; the car reflectivity is, instead more distributed over its length when the antennas’
height is 145 cm above the ground. However, the average RCS does not differ of more
than 2 dBs for the three cases.
6.2.3 High resolution images
More information on the position of the main scatterers of the car in both range and cross-
range, are given by the HRI shown in Figure 6.10, obtained from the measurements
using scanning narrow beam antennas (1◦/7◦ azimuth/elevation beamwidth) and 16
GHz bandwidth. Images for four aspect angles of the car (front, back, side, oblique)
are shown and a scaled stylised representation of the top view of the car is overlaid to
the radar images. The extent in range and cross-range of the HRI are clearly visible
and correspond to the actual sizes of the car. It is actually possible to reconstruct the
contour of the car and localise the brightest scatterers of the car in correspondence of
the license plate, headlights, rearview mirror, wheel rims and axes.
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Fig. 6.10 Radar images of the car at 300 GHz with 16 GHz bandwidth
In figure 6.11 it is shown a comparison between images obtained at 79 GHz and 300
GHz, both using 5 GHz bandwidth. By looking closely at the images it is possible to
see the improved image resolution achieved by the 300 GHz sensor due to presence of
greater number of minor features of the target acting as corner reflectors when exposed
to shorter wavelengths and the sensitivity of extremely short wavelength to target surface
roughness. The images at both frequencies indicates the general dimensions of the car,
however at 300 GHz the HRI exhibits more details on the position of the main scatterers
in both range and cross-range. For example, the contour of the car in oblique aspect
angle shows a more continuous shape, or it is possible to distinguish three different
reflections from the front and the back of the car, most likely corresponding to the
license plate and the headlights, where at 79 GHz these reflections are overlapped.
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(a)
(b)
Fig. 6.11 Radar images of the car at 79 GHz (a) and 300 GHz (b) with 5 GHz bandwidth
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6.2.4 RCS estimation
The calibrated RCS of the Ranault Clio, calculated with the aid of equations 3.29
and 3.32 and using the data of the first measurement campaign, are shown in Figure 6.12.
The average RCS at 8 aspect angle of the car, measured in the three frequency bands, is
plotted with error bars showing the difference in the RCS calculated with the different
systems and bandwidths summarized in Table 6.2.
Fig. 6.12 Average RCS of the car at 8 cardinal aspect angles for different frequencies
Although the measurements were performed simultaneously, it has to be considered
that the antennas were aligned at slightly different aspect angles of the car and therefore
it is possible that not all the scatterers of the car were illuminated in the same way.
However we can conclude that overall, the oblique angle mean RCS is between 5 and 10
dBs lower in value than the cardinal angles. The results of measurements at 24 GHz and
79 GHz are compatible with the results reported in literature for measurements carried
out both in controlled [139] and real road scenarios [140], validating our experimental
setup. We also observe about 3 dB rise in the mean RCS at 300 GHz in comparison
with 24 GHz, this result is analogous to the one obtained for the pedestrian.
The polar plots in Figure 6.13 show the calibrated average reflectivity of the car at
79 and 300 GHz with 5 GHz bandwidth, from the second measurement campaign for 61
non-uniformly spaced aspect angles, interpolated to obtain a 360 equally spaced points
in the polar plot.
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(a)
(b)
Fig. 6.13 Average RCS as a function of 360 non-uniformly spaced azimuth angles at 79
and 300 GHz
At 79 GHz (Figure 6.13 (a)), the RCS exhibit big flashes at the cardinal angles for the
front, rear and sides of the vehicles, as compared to oblique angles. The oblique angle
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mean RCS is roughly 10 dB lower than the cardinal angles. At 300 GHz (Figure 6.13
(b)) the RCS values at the cardinal angle are similar than those at 79 GHz, however
for oblique angles, the values do not show the high decrease seen at lower frequencies.
With the exception of the angle corresponding to the front of the car and a small angular
sector (10◦), around ±30◦ in respect to the rear aspect angle, the RCS of the car is quite
constant and always between 5 and 10 dBsm. Therefore, overall the RCS fluctuations
due to the variation of the aspect angle of the car in respect to the radar are lower at
300 GHz than at 79 GHz. This result, which indicate an advantage of using low-THz
frequencies in respect to traditional automotive frequencies, is direct consequences of
the sensitivity of very small wavelengths to texture and small features of targets, which
lead to the increase of observable scatterers from the car, as also observed in the HRRP
(Figure 6.7) and HRI (Figure 6.11).
6.2.5 RCS fluctuation statistics
RCS statistics of cars are obtained from the measurement results of the Renault Clio for
61 non-equally spaced aspect angles using only the 79 and 300 GHz FMCW radars with
narrow beam antennas. Using the methodological analysis illustrated in Section 3.4.5,
the probability distribution models best fitting the measured distributions are identified
by calculating the errors of fit summarized in Table 6.3.
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Table 6.3 Error of fit for the car RCS against different distribution models
Distribution Frequency Parameters Error of fit %
model GHz (Table 3.3) (eq. 3.39)
Swerling 1/2
79 σm = 2.62 21.36
300 σm = 5.12 19.66
Swerling 3/4
79 σm = 2.62 8.58
300 σm = 5.12 7.15
Gamma
79 α = 3.1, β = 1 8.97
300 α = 3.97, β = 1.47 2.09
Weibull
79 kw = 3.49, λw = 1.56 14.76
300 kw = 6.6, λw = 1.93 4.43
Log-normal
79 (ln(σ))m = 0.96, (ln(σ))sd = 0.54 4.26
300 (ln(σ))m = 1.63, (ln(σ))sd = 0.52 2.02
The best fit has been found to be the log-normal PDF for both frequencies and only
considering the classic Swerling models, the car can be classified as a Swerling 3 or 4
target.
Figure 6.14 shows the PDF and CDF used to determine the RCS statistics reported
in Table 3.3. The mean RCS is slightly higher at 300 GHz (3 dB difference), moreover,
the coefficient of variation (standard deviation/mean) is smaller at 300 GHz than at 79
GHz, reducing, therefore, the possibility of large fluctuations of RCS with the variation
of aspect angle.
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(a)
(b)
Fig. 6.14 PDF and CDF from car measurements at 79 and 300 GHz with 5 GHz
bandwidth
Table 6.4 Passenger car RCS statistics
Frequency BW Mean Standard Median Dynamic range, dBsm
GHz GHz dBsm dB deviation, dBsm (see Section 3.4.5)
79 5 4.18 2.3 3.8 [1.2 9.4]
300 5 7.1 2.3 7.5 [2.5 10]
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6.3 Signatures of common road actors in the Low-THz
band
Detection and identification of common road actors other than pedestrian or cars is
as much as fundamental for the development of radar sensors for autonomous car. In
particular, cyclists are among the targets most at risk on the road, according to a report
from Euro NCAP [141], although the total amount of road fatalities decreased in the last
decades, the percentage of cyclist fatalities keeps increasing. However, only a limited
set of reports on RCS measurements of cyclists have been reported to date, and only
for the standard automotive frequencies of 24 and 79 GHz. In [142–145] the RCS of
bicyclists was measured in an anechoic chambers, the mean values are around 0 dBsm
at both frequencies, with a dynamic range of 20 dB, moreover the results show that
the difference between manned and non-manned bikes is irrelevant. The average RCS
pattern among seven bicycles without riders exhibits a rhombic shape with its major axis
(i.e., strongest backscattering) being in the direction of side observation angles [144]. In
the following sections results of RCS measurements of a bicycle and other road targets
(wheelchair and pushchair) at low-THz frequencies and using wide bandwidths, will be
presented.
As for pedestrians, the micro-Doppler produced by bicyclists is used for identifica-
tion and classification purposes. In [146] distinctive signature of bicyclists µD given
by the rotating wheel and the legs pedalling are shown at 77 GHz. In [147, 148] µD
signatures and extreme learning machine are used to distinguish between pedestrian and
the bicyclist approaching the radar from different angles. The last section of this chapter
will show µD signatures of cyclists at low-THz frequencies, which are compared to the
signatures obtained at the standard automotive frequencies.
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6.3.1 Measurements methodology
The setup of RCS measurements of the bike, wheelchair and pushchair, is the same
indoor setup used to characterise the pedestrian RCS and described in Sections 3.6.2
and 5.2.2: three radar systems operating at 300 GHz, 150 GHz and at the reference
frequency of 24 GHz for comparison, are arranged in a quasi-monostatic configuration
by means of two square aperture antennas collocated in azimuth and with a 3-dB
beamwidth of 10 degrees. As shown in figure 6.15, the targets are in the anechoic
environment built with low-THz absorbers placed to cover the floor and the wall behind
them. The distance between radars and targets, 6 meters for the 150 and 300 GHz
radars, and 3m for the 24 GHz system, ensures beam filling and avoids reflections from
the ground before the transmitted wave reaches the target. Reflections from the target
are measured at 360 aspect angles by placing it on a fully automated turntable, which is
also covered with absorbers.
Fig. 6.15 Photo of the indoor experimental setup for road objects RCS measurements
Table 6.5 summarises the main parameters of the systems used for the measurements,
the 24 and 300 GHz systems are the SFW radars based on VNA (Sections 3.5.1
and 3.5.1) the 150 GHz radar is the FMCW radar shown in Section 3.5.2. For all the
systems, signals with a bandwidth of 5 GHz are processed through FFT, non-coherently
6.3. Signatures of common road actors in the Low-THz band | 177
integrated to improve the signal to background ratio and range gating is applied to
isolate the backscatter from the target.
Table 6.5 Parameters for the passenger car RCS measurements
Parameter
24GHz Radar 150GHz Radar 300GHz Radar
(Section 3.5.1) (Section 3.5.2) (Section 3.5.1)
Waveform SFW FMCW SFW
Output power, dBm 10 11 -17




Distance from the target, m 3 6 6
Sweep Bandwidth, GHz 5 6 5
6.3.2 High resolution range profiles
Figure 6.16 shows the range profiles of three targets, a children’s bike, a pushchair and a
wheelchair obtained from the measurements at 300 GHz with a bandwidth of 5 GHz, for
one aspect angle (shown in the photo), and the range profile of the calibration sphere.
(a)




Fig. 6.16 Range profiles of the calibration sphere (a), a wheelchair (b), bike (c) and
pushchair (d) at 300 GHz with 5 GHz bandwidth
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For all the plots the received power is normalised in respect to the amplitude of
the antenna coupling, which corresponds at the range 0 m in the plot. Vertical lines
indicate the range gating applied to the processed data, the size of the gating is chosen
to include all range cells occupied by the target. The extent in range measured by the
radar corresponds closely to the true length of the target. This result shows that the
use of a large bandwidth, in fact, gives important information on the dimensions of
distributed targets as opposed to narrowband systems. The complex metallic structure of
the wheelchair, with a great number of corner reflectors, results in the highest reflectivity
among the three objects. The pushchair is characterized by an assemble of scatterers
distributed over range and with roughly the same intensity, therefore and since its
dimensions in width and depth are about the same, only the aspect angle shown in
Figure 6.16 (d) was measured.
In Figure 6.17 the gated range profiles at 24 GHz and 300 GHz for the bicycle and
the wheelchair are plotted across the 360 aspect angles measured.
At both frequencies, 24 GHz and 300 GHz, it can be seen that as the bike is rotated
on the turntable, it produces an almost uniform distribution of scattering intensities, with
the front slightly more reflective due to the presence of the handlebars. As clear from
the shape of the bike, its range spread reduces at minimum when the bike is illuminated
from the side. With the increase in frequency, a greater number of minor features of the
target when exposed to smaller wavelengths can be seen. While at 24 GHz reflections
are generated by only few scatters which constitute the target, at 300 GHz there are
backscatter returns from most of the range cells occupied by the target.
The wheelchair is comprised of few bright scattering centres, which can be located
by tracking them as the wheelchair rotates and can be identified in the two big back
wheels and the two metallic footplates, which act as corner reflectors and which increase
their backscatter intensity as the frequency rises from 24 GHz to 300 GHz.





Fig. 6.17 Normalised received power vs azimuth of a bicycle at 24 (a) and 300 (b) GHz,
for a wheelchair at 24 (c) and 300 (d) GHz
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6.3.3 RCS estimation
In Figure 6.18 an overview of the calibrated average RCS results, σWB,WBw(φ) (Eq. 3.32),
for all the targets measured in the indoor setup, including those of the pedestrian pre-
sented in Section 5.2.5. The results are presented with polar plots of the calibrated
average RCS as a function of aspect angles.
(a)
(b)
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(c)
Fig. 6.18 Polar plots of the calibrated RCS vs azimuth angles for the pedestrian (a), bike
(b) and wheelchair (c)
The plots show that only in the case of the pedestrian can the RCS can be considered
as aspect independent. For the other targets the variation of RCS can be up to 20 dB,
with flashes at the cardinal angles, as expected by observing the HRRP vs azimuth
angles in Figure 6.17.
Looking at the results obtained for the pedestrian and the car, it was concluded
that the rise of the frequency, from the standard automotive band to the low-THz band,
entails to lower fluctuation of the RCS over aspect angles, because as the surface
becomes rough with smaller wavelengths, similar level of returns from all resolution
cells occupied by the target are observed. In contrast, for the bike and the wheelchair it
can be observed higher fluctuations of the RCS at higher frequencies. Although this
effect is not evident, it may be due to the high presence of small features in the two
targets, which are not detected at lower frequencies. These features if on one hand may
increase the overall RCS of the target at low-THz frequencies, on the other hand can
appear or be shadowed as the aspect angle of the target relative to the radar changes,
causing, therefore, fluctuations in the reflectivity.
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6.3.4 RCS fluctuations statistics
The histograms and CDFs, obtained from the fluctuations of RCS over aspect angles
for the bike and wheelchair and shown in Figure 6.19, highlight the influence of the
different nature of reflections at 24 GHz and at low-THz frequencies on the probability
distribution. A larger number of observable reflection points from the target using
smaller wavelengths results in higher probability for a wider range of RCS values.
(a)
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(b)
Fig. 6.19 Histograms and CDFs of the (a) bicycle and (b) wheelchair RCS vs azimuth
angles
Following the methodological analysis illustrated in Section 3.4.5, the probability
distribution models best fitting the measured distributions are calculated using the errors
of fit summarized in Tables 6.6 and 6.7. The best fits are log-normal for the bike and
Weibull for the wheelchair for all the frequency bands. Only considering the Swerling
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targets model fits, both targets can, instead, be classified as Swerling 1 or 2. These
results are somehow expected as bike and wheelchair are both targets comprised of
multiple scatterers with none being dominant [72].
Table 6.6 Error of fit for the bicycle RCS against different distribution models
Distribution Frequency Parameters Error of fit, %
model GHz (Table 3.3) (eq. 3.39)
Swerling 1/2
24 σm = 0.83 3.02
150 σm = 0.62 0.41
300 σm = 2.7 1.9
Swerling 3/4
24 σm = 0.83 27.48
150 σm = 0.62 12.7
300 σm = 2.7 68.2
Gamma
24 α = 0.78, β = 1.06 8.42
150 α = 3.97, β = 0.34 0.36
300 α = 0.43, β = 6.34 18.8
Weibull
24 kw = 0.63, λw = 0.77 3.96
150 kw = 0.65, λw = 1.12 1.11
300 kw = 1.17, λw = 0.58 6.18
Log-normal
24 (ln(σ))m =−0.95, (ln(σ))sd = 0.82 0.72
150 (ln(σ))m =−0.78, (ln(σ))sd = 0.62 0.03
300 (ln(σ))m =−0.54, (ln(σ))sd = 1.21 0.03
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Table 6.7 Error of fit for the wheelchair RCS against different distribution models
Distribution Frequency Parameters Error of fit, %
model GHz (Table 3.3) (eq. 3.39)
Swerling 1/2
24 σm = 3.23 2.53
150 σm = 2.53 1.17
300 σm = 8.42 1.12
Swerling 3/4
24 σm = 3.23 14.4
150 σm = 2.53 17.89
300 σm = 8.42 58.07
Gamma
24 α = 0.86, β = 3.77 1.26
150 α = 1, β = 2.52 1.19
300 α = 0.45, β = 18.52 5.51
Weibull
24 kw = 2.8, λw = 0.83 0.1
150 kw = 2.24, λw = 0.86 0.006
300 kw = 4.36, λw = 0.59 0.38
Log-normal
24 (ln(σ))m = 0.48, (ln(σ))sd = 1.02 0.59
150 (ln(σ))m = 0.35, (ln(σ))sd = 0.79 0.1
300 (ln(σ))m = 0.71, (ln(σ))sd = 1.41 0.4
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Statistics obtained from the histograms and CDFs are summarized in Table 6.8.
Table 6.8 RCS statistics of common road objects
Target
Frequency Mean Standard deviation Median Dynamic range, dBsm
GHz dBsm dB dBsm (see Section 3.4.5)
Bicycle
24 -4.1 3.6 -5.3 [-8.2 0.3]
150 -3.3 2.7 -4.1 [-7.4 -0.34]
300 -2.3 5.3 -4 [-8.9 4.3]
Wheelchair
24 2.1 4.4 1.7 [-7.1 8]
150 1.5 3.4 0.9 [-3.8 6.2]
300 3.1 6.1 2.2 [-7.4 9]
Pushchair
24 -2.5 n.a. n.a. n.a.
150 -2.3 n.a. n.a. n.a.
300 -1.8 n.a. n.a. n.a.
The mean and median values show that overall there is no significant differences
between the RCS at the standard automotive frequencies and at low-THz band. The
dynamic ranges show the high variation of the bike and wheelchair reflectivities as their
aspect angle relative to the radar changes, the fluctuations can be up to 20 dBs, this
result affirms the value of measuring the target reflectivity fluctuations over all aspect
angles.
6.3.5 Micro-Doppler signature of cyclists in the Low-THz band
The investigation on the µD produced by cyclists follow a methodology analogous to
the one used for the pedestrians and described in Section 5.3.1. As shown in Figure 6.20,
an adult subject is cycling on spot through the aid of an exercise bike, at a distance
of 3 m from the 300 GHz and 24 GHz antennas, these distance is enough to achieve
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an acceptable SNR and yet measure the µD contribution from the cyclist legs. The
spectrograms of the µD signatures at 2 4GHz and 300 GHz are shown in Figure 6.21.
Fig. 6.20 Photo of the setup of a human cycling on spot
(a) (b)
Fig. 6.21 µD signature at 24 GHz (a) and 300 GHz (b) of a human cycling on spot
In real scenarios the µD signature would be comprised of overlapped signatures
produced by the rotation of the wheels and the cyclist pedalling. A rotating wheel
produces distinctive periodic micro-Doppler spectral lines whose fundamental frequency
is related to the number of spokes and rotation rate due to the symmetrical rotation of
the wheel around the axel. Each subsequent harmonic spectral line occurs an integer
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multiple of the fundamental frequency and hence changes with rotation speed [146].
For the specific case of the measurements made with the exercise bike presented here,
only the signatures from the cyclist legs are generated.
The leg pedalling produces two sets of overlapped sinusoidal pattern in the spec-
trogram, generated from left and right legs, and which are 180◦ out of phase because
one leg moves towards the radar while the other moves away. The maximum Doppler
frequency shift measured, given by the rotation of the pedal, is around 100 Hz at 24
GHz and 1000 at 300 GHz, which correspond to a maximum velocity of 0.5 m/s in
both cases. The µD period is 1.2 s, determined by the velocity of the pedalling and the
length of the pedal crank.
Despite of the higher noise level in the 300 GHz spectrogram, due to the lower
output power of the system, the signature show a clearer pattern if compared to the one at
24 GHz. The result confirms once again that the higher number of distributed scatterers
on the human body, using extremely small wavelength, produces µD signatures that
can provide better identification and motion parameters estimation.
To investigate in details the µD signatures produced by the different parts of the
cyclist, the low-THz system was used to validate the model proposed in [149]. The
model uses the human model from the classic Boulic-Thalman model and, with the
same principle, calculates the trajectories of the cyclist’s body parts. The upper body
is assumed to only move with the same velocity of the bicycle and micro-motions are
produced by the movements of the foot and knee, which describe sinusoidal trajectories,
with different phases and relative positions, as illustrated in Figure 6.22 (a). The motions
of upper, lower leg and foot are calculated, based on the trajectories highlighted by the
circles in the figure. The simulation results of the µD produced by their relative motions
to the radar are shown in Figure 6.22 (b) (the simulations are performed considering only
one leg, as their movement is symmetrical). By taking advantage of the capability of
Low-THz radars to discriminate returns from close together scatterers, producing high
quality µD signatures, an experiment was made at 300 GHz to validate the model. To
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decompose the motions from the three different segments considered in the simulations
and to increase their reflectivity, three steel trihedral corner reflectors, with an RCS of
-26 dBsm, were attached to target human’s right foot, right upper and lower legs, as
shown in Figure 6.22 (c). The results of measurements in Figure 6.22 (d), show a very
good agreement with the simulation of the model, with the µD produced by the three
segments clearly distinguishable. The highest Doppler shift is produced by the foot,





Fig. 6.22 Model (a) and simulations (b) of the µD of a human cycling on spot at
300GHz. Photo of the setup (c) and experimental results (d) to validate the model
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6.4 Summary
In this chapter experimental results of the signatures of typical road targets in the
low-THz band were presented and analysed. Passenger cars were measured in a typical
road scenario. High resolution range profiles and images of the car show the benefit of
low-THz frequencies to deliver information on the extend in range and azimuth of the
car and to produce images that can be used for target identification. An investigation on
the influence of radar antennas’ height above the ground is also provided.
In the last section, results of measurements in a indoor controlled environment
of other common target are presented, including an analysis of the micro-Doppler
signatures of cyclists.
Figure 6.23 summarize the RCS values of all the road target measured with a
bandwidth of 5 GHz, including those of the pedestrians presented in Chapter 5, the
error bars indicate the dynamic range of the RCS fluctuations at different aspect angles
(the pushchair was measured only for one aspect angle).
Fig. 6.23 RCS of various road targets using a bandwidth of 5 GHz
The mean RCS varies within a range of 15 dB between the target with lowest
reflectivity, the pedestrian, and the most reflective target, the car. Moreover, it is
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possible to notice a slight gradual increase of the mean value as the frequency increases,
this is because although there is a reduction of maximum reflectivity due to the presence
of more defuse scattering, the reflectivity averaged over all the resolution cells increases.
By comparing the probability distributions with classic Swerling target models 1 and 3
and determine the best fit to the measured data. We found that the pedestrian and the
car can be modelled as a Swerling 3 target, while the bike and the pushchair can be
modelled as Swerling 1 targets. This can be explained by the fact that pedestrians and
cars are comprised of multiple scatterers with one being dominant, while for the other
targets no dominant scatterer can be identified [72]. As a consequence, the dynamic




The primary objective of the research work was the experimental investigation of
some of the significant aspects of mmW propagation as part of a larger programme to
investigate the physical aspects that characterise the propagation and reflections from
targets of low-THz EMW in a road environment. The attenuation of low-THz waves
in different atmospheric conditions has been investigated to show the feasibility of
Low-THz (100 - 300 GHz) sensing for automotive radar in presence of adverse weather
conditions. Then, the reflectivity and motion properties of typical road targets has been
measured and analysed to determine the most appropriate parameters and waveforms to
use in the development of low-THz radars and the generation of robust algorithms for
target detection and classification.
The EMW attenuation in the atmosphere was measured and analysed for the auto-
motive standard frequency of 77 GHz, as reference, and at the Low-THz frequencies,
up to a range of 300 m. Attenuation in clear air with relative humidity (RH) of 100%
shows a loss of 3 dB over 300 m range at 300 GHz. The presence of water in the atmo-
sphere as a result of complex weather conditions, such as rain, fog and snow introduce
higher attenuation as the EMW is absorbed and/or scattered when it interacts with the
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precipitation particles. As expected, smaller specific attenuation at both frequencies is
observed for dry snow than wet, due to lower absorption coefficient in dry snowflakes.
The maximum difference between attenuation at 300 GHz and 77 GHz corresponds to
extremely dense fog which reaches about 10 dB at 300 m range. For rain and snow, the
loss difference is lower and it is within 3 dB between the two frequency bands.
The study of radar echo characteristics for pedestrian targets was carried out in
terms of reflectivity and micro-Doppler. The pedestrian RCS was estimated through
measurements of a child mannequin and results are presented using several indica-
tors of reflectivities such as range–azimuth profile, polar plots and statistics of the
average RCSs. The analysis of the various RCS signatures shows that the observed
global average RCS in the three frequency bands, 24 GHz, to have a comparison with
standard automotive radars, 150 GHz and 300 GHz are of similar values and in good
agreement with the results reported in the literature. A qualitative analysis of the tar-
get range–azimuth profile shows that the range spread of target return is a distinctive
characteristic of the pedestrian and can improve identification of the object in the radar
image. A set of measurements carried out to assess the effect of clothing on pedestrian
reflectivity show that although the RCS with different clothes increases with the rise of
the frequency, the difference between highly reflective and absorptive clothes is anyway
minimal (below 3 dB).
The micro-Doppler characteristics of walking pedestrians and cyclists, in the low-
THz region shows a clearer pattern compared to the one at lower frequencies. The results
show the potential for low-THz systems to better identify features in the signatures
that to be used in classification algorithms. These results are particularly relevant
considering pedestrians crossing the line of sight of the radar, as this is the condition
under which the Doppler signature reduces to its minimum and it is scarcely usable in
classification algorithms based on radar data at the standard automotive frequencies.
Passenger car reflectivities were measured in a typical road scenario. From the
analysis, theoretical and experimental, of the road environment, it has been seen that the
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destructive interference of the electromagnetic wave reflected from the ground plane
generates nulls in the propagation pattern and thus, low reflectivity of the target in
correspondence of these nulls. This effect, which may cause a missing detection for
standard automotive radars, has a low impact on the road object detection at low-THz
frequencies because the distance between the nulls is smaller and the attenuation is
lower, thus part of the target can still be detected. The high resolution range profiles
and images of the car show the benefit of low-THz frequencies to deliver information
on the extent in range and azimuth of the car, on the position of the main scatterers and
to produce images that can be used for target identification. An investigation on the
influence of radar antennas’ height above the ground shows that this parameter affects
the distribution of intensity of the background signal over the car, in some cases the
highest reflection can be observed in the farthest range cell from the radar, leading to
wrong detection if peak detection algorithms are used.
Overall, also considering measurements of other common road actors, the RCS
characteristics of targets at low-THz frequencies are similar to that at the standard
automotive frequencies, with a slight gradual increase of the mean value as the frequency
rises, this is because although there is a reduction of maximum reflectivity due to the
presence of more defuse scattering, the reflectivity averaged over all the resolution cells
increases. This is an important finding as it suggests that sensors operating at low-THz
frequencies will have similar detection performances as traditional automotive sensors
operating at lower frequencies.
To conclude, the research clearly indicates that the use of a frequency band up to
300 GHz is potential for all types of automotive radars, including those for long range
operation, and carries a number of attractive features discussed in this thesis. Taking into
account the fast growing number of cars equipped with radar and the number of radars
installed on each car, it may be expected an inevitable overcrowding of the spectrum
in the allocated 77 GHz band, moving automotive radar operation at frequencies well
above the current standard is one of the prospective direction of development.
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7.2 Ongoing and future works
Although the study illustrated in this work establish a solid basis for the development
of low-THz radar systems for the new generation of automotive sensing for autonomy,
there is undoubtedly further work to be done. By continuing with the study of the
reflectivities of the targets that a radar needs to detect on the road, more actors, such
as animals, or other objects, like road signs, have to be still analysed. The study of
reflectivities, as well as the attenuation caused by the typical vegetation on the road,
such as trees or bushes, is ongoing and the capability of low-THz radars to detect road
cracks, bumps, pothole, curbs etc. needs to be assessed.
Next stage of the research involves higher frequencies to further improve the image
resolution, the graph of atmospheric attenuation (Figure 1.3) suggests that the next
atmospheric window is around 670 GHz, which fits for short range radar application,
being the clear-air attenuation around 10 dB/Km. In this frequency band it is currently
carried out at MISL the same study shown in this work regarding signal attenuation
through the different media, radome contamination and adverse atmospheric condition,
as well as the investigation of road actors reflectivities.
The high resolution range profiles, images and micro-Doppler signatures, shown in
this thesis, illustrate the potentiality of low-THz radars to better identify features which
can be used for targets identification. At MISL in parallel to this work, two comple-
mentary studies are carried out, aimed to develop the configurations and techniques
to improve the images azimuth resolutions which significantly degrades at distances
higher than 20 meters [63], and to produce identification and classification algorithms
based on these images [70] as well as on high resolution micro-Doppler signatures.
Finally, the results reported in this work for the statistical characterization of road
actors and the distribution of their scattering centres, are the starting point for the
development of radar target simulators, for the generation of reliable test environments
7.2. Ongoing and future works | 197
with complex traffic situations, which are fundamental for low-THz automotive radar
development.
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